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Preface 
This Proceedings contains papers from most of the works presented at the 37th Annual 
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become familiar with making oral presentations and presenting posters in front of audiences not 
completely familiar to them, but on the other hand not so foreign as those at a national meeting. 
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Tangential flow filtration for virus purification 
David L. Grzenia, 1 Jonathan 0. Carlson,2 and S. Ranil Wickramasinghe1 
Departments of 1Chemical and Biological Engineering and 2Microbiology, Immunology, and 
Pathology, Colorado State University, Fort Collins, CO 80523 
Abstract 
Production and purification of viruses and virus-like particles in useful quantities for use in 
vaccines, gene therapy, and as viral vectors is a challenge in the biopharmaceutical industry. 
Aedes aegypti densonucleosis virus, a mosquito parvovirus with a size of 18-26 nm, was chosen 
as a model for parvoviruses, which are candidates for gene therapy applications. Four crossflow 
ultrafiltration membranes with molecular weight cutoffs of 30, 50, 100, and 300 kDa were used 
for virus purification from host-cell DNA and protein contamination derived from cell culture. 
Experiments were conducted in tangential-flow filtration and in high-performance tangential-
flow filtration mode. Some permeate is recycled back in the latter to enhance a constant trans-
membrane pressure drop along the membrane. This constant pressure ensures better passage of 
virus particles and produces a more stable permeate flux. Therefore this method could be used in 
a purification stream in combination with other purification methods to enhance the purification 
yield and reduce purification costs. 
Introduction 
Gene therapy describes gene delivery to target cells to medically treat a wide range of diseas-
es. The delivered gene material could provide missing functions, modulate the immune response 
or initiate cell suicide [1]. For this viral vectors, as gene transfer vehicles like adenoviruses, 
adena-associated viruses, and retroviruses are bringing genetic material to target cells [2]. 
Adenoviruses are able to transduce both replicating and nonreplicating cells and are able to 
obtain high levels of transgene expression. Adena-associated vectors have successfully estab-
lished continuous gene expression in a variety of cell tissues by integrating into the host-cell 
chromosome [3]. 
Viral vectors for application in gene therapy or basic research need efficient unit operations 
for high-throughput woduction, concentration, and purification. Clinical protocols require high 
vector titer, from 10 1 IP/ml for ex vivo trials up to 1014 IP/ml for in vivo trials [4]. For example, 
adenoviral vectors are produced in cell culture with viral titers of 1011 from cell concentrations of 
2 x 109, but these high titers have to be free of contaminants to reduce toxicity, inflammatory 
reactions, or other immunological responses. 
Traditional methods of purifying viruses use CsCl density gradient centrifugation in com-
bination with ultracentrifugation. This method is very cumbersome, but yields very pure viral 
particles with 1% contaminants [3]. To obtain highly pure virus stocks, several purification 
strategies have recently been developed. These strategies include different techniques such as ion 
exchange, affinity or size exclusion chromatography, which have been used together or with 
other unit operations in a purification stream to increase the degree of purity. Other unit oper-
ations are usually filtration processes, which are size-based methods using membranes. 
This project's purpose was to recover and possibly purify Aedes aegypti densonucleosis virus 
(AeDNV) from cell culture broth using ultrafiltration. AeDNV is a parvovirus, 20-26 nm in 
diameter, which encodes four proteins: non-structural protein 1 (NS 1 ), non-structural protein 2 
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(NS2), virion (capsid) protein (VP1), and virion (capsid) protein 2 (VP2). Butchatsky et al. 
(1987) and Butchasky (1989) [5] developed the AeDNV as a biocontrol agent against mosquit-
oes to control their population. Mosquitoes are vectors for pathogens that cause morbidity and 
mortality to humans in form of malaria, dengue fever, and yellow fever. Use of chemical pest-
icides, to control mosquito populations are often inadequate, as the mosquitoes build resistance 
to chemical agents, whereas no resistance is expected to viruses. 
Some of the membranes used in this project can possibly purify virus particles from cell 
culture broth. In tangential-flow filtration (TFF) modes, usually only the feed is pumped on one 
side of the membrane, whereas the permeate is recovered from the other side. This situation 
leads to a decrease of feed-side pressure along the membrane channel. The resulting transmem-
brane pressure also decreases, since the permeate side of the membrane is close to atmospheric 
pressure. Van Reis et al. [6] invented a new method to prevent the drop in transmembrane pres-
sure. He described a high-performance tangential-flow filtration (HPTFF) mode, where a second 
pump on the permeate side pumps the permeate back to the membrane, cocurrent to the feed 
flow. This results in a constant transmembrane pressure. As pointed out by van Reis, this is 
necessary when fractionation of proteins is the aim. Then fractionation of proteins that differ by 
less than one order of magnitude in molecular weight is possible. Until now, HPTFF has been 
used to separate monomers from oligomers [6] and antigen bindings from each other [7]. 
Experiments were conducted to determine retention and purification of AeDNV by using 
300-, 100-, 50-, and 30-kDa flat-sheet membranes in TFF and HPTFF mode. Cells and virus 
were grown in SF-900 II serum-free media. Centrifugation and microfiltration were used to 
remove cell debris from C6/36 cells. Work with serum-free media usually is in-between step 
between production and downstream processing, where it helps to decrease the manufacturing 
costs. As a result, information from these experiments could be used for developing a strategic 
plan for scaleable methods to produce and purify AeDNV in big volumes. These methods 
include scaleup for AeDNV from T-75 flasks to fermentation scale and then purification with 
processes like dead-end microfiltration, ultrafiltration, or size exclusion, and ion exchange 
chromatography. 
Experimental 
Production of AeDNV 
Aedes albopictus C6/36 mosquito cells were grown at 28°C in serum- and protein-free media 
(SFPFM) (SF900 II SFM, Gibco Invitrogen Cat. No. 10902-088) in Coming plastic cell culture 
T-75 flasks. The medium was supplemented with penicillin (Invitrogen, 50 units/mL) and strep-
tomycin (Invitrogen, 50 !J.g/ml). Cells were grown in 14 mL of SF-900 II supplemented media 
for about 4 to 5 days. As soon as a confluent monolayer appeared, flasks were shaken to detach 
cells. Continuous growth of C6/36 cells was conducted in Wheatson or Coming disposable 125-
or 500-mL spinner flasks with volumes of 100 or 300 mL. The initial cell concentration was al-
ways 5.5 x 105 cells/mL. The 125-mL or 500-mL flasks were washed twice with 15 mL PBS. 
SF-900 II media was added to the spinner flask, followed by the desired cell volume. After one 
pass, cells were stirred at 250 to 300 rpm (VWR Scientific Series 400 s stirrer and Komet Varia-
mag polystirrer). Another pass was necessary after the cell concentration reached 5-6 x 106 
cells/mL, which required about 6-7 days. The cells were frozen and thawed at -80°C and 37°C 
three times to break the cells and release the virus. Cell lysate was transferred to Coming 50-mL 
conical tubes, and centrifugation using a Beckman GS-6R centrifuge was performed at 3750 rpm 
at 4°C for 15 min to remove particulate matter. The resulting virus medium was filtered using 
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Nalge 0.45-!lm sterilization filters and stored at -80°C for use in ultrafiltration experiments. 
Experimental setup 
Experiments were performed using Sartocon Slice 200 holders for Sartorius 300-, 100-, 50-, 
and 30-kDa Slice 200 cassettes with a membrane area of 0.02 m2• Figure 1 shows the schematic 
filtration system for TFF and the setup for HPTFF. As noticed, the difference lies in the addition 
of a pump on the permeate side in the HPTFF mode. Retentate and permeate were recirculated 
using Sepracor Watston Marlow peristaltic feed and permeate pumps. Both setups used 500 mL 
of SF-900 II virus media. The equipment included Masterflex® 96400-15116 connections and 
tubings, valves for the feed, permeate, and retentate, and Honeywell electronic pressure sensors 
for the measurement of pressure of feed, permeate, and retentate inlets or outlets. A Mettler 
Toledo automated balance was connected to the computer and was able to obtain data points in 
1-s steps. Labview 6.0 software equipped with a custom-made Labview application could detect 
the pressure changes of the pressure gauges in seconds. 
All experiments were run at a feed flow rate of 150 mUmin. In TFF only a feed pump was 
used. The permeate flow was not controlled. In all experiments, retentate was recycled to the 
feed reservoir while the permeate was collected in the permeate reservoir. The mass of permeate 
collected was measured by a Mettler Toledo balance and recorded by an online personal com-
puter. The feed retentate and permeate pressures were measured by three Honeywell micro-
switch sensing and control sensors during TFF. The data were also automatically recorded on the 
same online personal computer. For HPTFF, a second pump was used to pump permeate coeur-
rent to the feed stream (Figure 1). In addition the permeate inlet and outlet pressures were 
measured. 
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Figure 1: TFF and HPTFF ultrafiltration system with feed, permeate tank, pump, gauges, PC, 
balance and Sartocon Slice 200 holder membrane module used for 300-, 100-, 50- and 30-kDa 
experiments. 
Prior to beginning the virus filtration experiments, DI water fluxes were measured at the 
operating conditions used for the virus filtration experiments. Then 500 mL of virus-containing 
medium was added to a feed reservoir. The feed was pumped through the module at 150 mUmin 
while the permeate outlet was clamped closed. After about 10 min the permeate outlet was 
opened for TFF. For HPTFF the permeate outlet was opened and the permeate pump was started. 
At regular intervals, 1-mL samples were taken from the feed, retentate, and permeate for 
analysis of virus titer and protein concentration. All samples were analyzed in triplicate and 
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averages were reported. This process was continued until 400--450 mL of permeate had been 
collected (i.e., contents of the feed reservoir were concentrated about tenfold). 
At the end of a virus filtration experiment, the membrane was flushed with DI water followed 
by 1 M NaOH solution at 50°C for 1 h. Next the module was flushed with 5 L of DI water. The 
membrane was then stored in a 0.1 M NaOH solution supplemented with 20 vol.% ethanol. In 
this work the membranes were reused. Prior to an experimental run the water flux of the mem-
brane was measured. The decrease in pure water flux between virgin and cleaned membranes 
was less than 5%. All experiments were conducted in triplicate and average values are given. 
Protein assay 
Protein concentration was determined with a Pierce #23225 protein assay kit. Because of 
their high protein content, TFF and HPTFF samples were diluted tenfold and 25 ~L was added 
into Nunc-Immuno 96-well microplates. Next, 200 ~L of working reagent were added to each 
sample, and plates were incubated at 37°C for 30 min. Adsorbance was measured with a Bio-Rad 
Benchmark Plus spectrophotometer at 562 nm. Standards were prepared by dilution of albumin 
standard ampules to between 0 and 2 mg/mL. Samples and standards were analyzed in triplicate 
and average values were reported. Working reagent, consisting of A and B reagents, was pre-
pared by following the instructions. Double-distilled water was used for dilutions. The accuracy 
of the protein assay is better than 6% of the mean, as reported by the manufacturer. 
PCRassay 
Virus titer was determined with a Applied Biosystem Prism model 7700 sequence detection 
system. Taqman probe reverse and forward primers were designed within a conserved region of 
the viral NS 1 gene for quantitation of AeDNV, as seen in Table 1: 
Table 1: Primers and probe for virus quantitation with real-time PCR. 
Set Forward primer Reverse primer Probe 
Real-Time NS1 CATACTACACAT CTTGGTGATTC FAM-CCAGGGCCA 
TCGTCCTCCACAA TGGTTCTGACTCTT AGCAAGCGCC-TAMARA 
Reactions were performed in 96-well format MJ Research skirted V -bottomed polypropylene 
microplates with Applied Biosystems optical caps. Each well, with a total volume of 20 ~L for 
each reaction, consisted of 4 ~L unknown sample or standard DNA pUCA plasmid, 2 ~L of 50 
~M forward primer, 2 ~L of 50 ~M reverse primer, 2 ~L of 5 ~M probe, and 10 ~L of Strata-
gene brilliant Quantitative polymerase chain reaction core reagent kit with SureStart Taq DNA 
polymerase, dNTPs, MgCh, and other Stratagene-supplied proprietary components. The thermo-
cycler program consisted of four stages: stage 1: 50°C for 2 min; stage 2: 95°C for 10 min; stage 
3: 95°C for 15 s; stage 4: 60°C for 1 min. Stage 3 and 4 cycles were repeated 40 times. 
Standards for real-time PCR were pANS 1-GFP plasmid used to calculate viral genome 
numbers. A UV spectrophotometer was used to determine the plasmid concentration. pANS 1-
GFP plasmid has a calculated weight of 7.1 x 1 o-12 ~g/plasmid. Standards were prepared by ser-
ial dilution of 1 ~g/~L of plasmid pUCA. The accurancy of the assay was within ± 0.5 log units. 
Results and Discussion 
Figure 2 gives the relative flux, defined as the measured flux divided by the initial water flux, 
with respect to permeate volume for 30- to 300-kDa membranes in TFF mode. The order in flux 
decrease in serum-free media in TFF mode is 100, 300, 50, and 30 kDa. This seems to prove the 
4 
thesis that a higher flux leads to a quicker buildup of a concentration polarization and thus to 
quicker pore plugging. The large initial permeation flux of the 300-k.Da membrane, combined 
with protein molecules less than the pore size in the feed, could lead to stacking in the internal 
pores of the membrane because of internal membrane fouling. This behavior was noticed in pre-
vious experiments [8]. Entrapment of particles within the membrane is noticeable in Figure 2, 
where the 300-k.Da relative flux is even lower than the 100-k.Da flux. 
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Figure 2: Change of relative permeate flux with cumulative permeate volume in TFF mode. 
Virus serum-free medium flowed through a PESU with 300-, 100-, 50-, and 30-k.Da membranes 
at 150 rnUmin. 
Figure 3 shows the variation of relative permeate flux with cumulative permeate volume for 
the HPTFF mode. There is almost constant flux for the HPTFF mode as compared to the TFF 
mode. Of course, the explanation for this interesting result, the decrease in flux for TFF and 
HPTFF, is found in the mode of operation. In an ultrafiltration process, the TMP is decreasing 
along the membrane, beginning with a higher feed inlet pressure and ending with a lower feed 
outlet pressure. Van Reis et al. showed it is necessary to keep the TMP during the experiment 
constant to obtain protein fractionation. Our conditions in the HPTFF mode show a slight de-
crease in TMP, but the average flux and the TMP are lower compared to TFF. Proteins, which 
are smaller, can cross the membrane in the HPTFF mode whereas bigger particles are retained by 
the membrane. In this mode we do not create high-pressure zones along the membrane and thus 
resulting higher flux along the membrane, therefore we avoid the building of thick film layers. 
Thus this method creates a constant flux throughout the membrane (Figure 3). The 30-k.Da 
membrane shows an initial relative flux decline within the first 30 ml of permeate volume. This 
behavior could be explained due to the small pore size of the membrane and the various cell 
particles, which plug the internal pores of the membrane. The 1 00-k.Da membrane shows a slow 
decline in flux throughout the experiment. There could be two explanations for this, one as with 
the 30-kDa membrane, while the other could be the combination of different conditions, which 
are a mixture of higher flux and the ability of virus particles to pass the membrane. Some of the 
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virus particles are trapped in the pores and decrease the flux, noticeable by the slower decrease 
during the experiment. The 300-kDa and 50-kDa membranes show not even an initial decrease in 
flux. Of all flux graphs, the 300-kDa flux curve shows very defined gaps, corresponding to 
points where samples for virus titer and protein determination were taken from the permeate 
outlet. The permeate inlet flux, which was caused by the .permeate pump was higher for the 300-
kDa membrane than for the other membranes. The balance was able to measure the decrease in 
permeate volume due to the higher permeate inlet flux. The permeate inlet flux in the other 
experiments was much slower and just a few noticeable gaps are present in the curves. 
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Figure 3: Change of relative permeate flux with cumulative permeate volume in HPTFF mode. 
Virus serum-free medium flowed through a PESU with 300-, 100-,50-, and 30-kDa membranes 
at 150 mUmin. 
Figures 4 and 5 give the variation of the virus titer in the retentate and permeate over permeate 
volume for the TFF and HPTFF modes. Figure 4 indicates the passage of virus for the TFF mode 
was only detectable for the 300-kDa membrane. Virus passage appears to decrease stably for the 
300-kDa TFF mode compared to the 300-kDa HPTFF mode. The curves of permeate and retentate 
flux of the 300- and 100-kDa membranes in the HPTFF mode are closer together than in the TFF 
mode. No virus passage was expected in any mode configuration for the 30- and 50-kDa experi-
ments, since their membrane pore size is much smaller than the virus particle size. Thus, an in-
crease of 1 log was measured in the HPTFF mode for the 50- and 30-kDa experiments, whereas 
the 300- and 1 00-kDa membranes showed virus passage. A slight decrease was noticed for the 
virus concentration in the retentate for the 300-kDa membrane. The virus titer permeate curve for 
the HPTFF 1 00-kDa experiment is more stable than for the 300-kDa experiment. The HPTFF 
mode showed stable virus passage, which could be caused by a stable TMP. In fact, during 
HPTFF smaller virus particles are deposited on the membrane surface and, if these particles are 
smaller than the membrane pore size, they will pass into the permeate. In TFF larger particles are 
deposited on the membrane surface and they are most likely compressed because of the higher 
TMP. As a result we see a stable decrease of the 300-kDa permeate TFF curve. Fewer particles 
pass the membrane with respect to filtration time. Also, Paul et al. [9] showed that an increase of 
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TMP at room temperature leads to a decrease of infectious particle recovery. As mentioned above, 
we see the dependence on TMP very well, where the low TMP in the HPTFF mode leads to virus 
permeation over the 100-kDa membrane and inhibits such permeation in the 100-kDa membrane 
TFF experiment. Smaller particles can permeate because of their size through the 100-kDa mem-
brane easier in the HPTFF mode than in the TFF mode, as mentioned above. Therefore, we can 
conclude there is more virus passage in the HPTFF mode than in the TFF mode. 
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Figure 4: Change of virus titer in the retentate and permeate with cumulative permeate volume in 
TFF mode. Virus serum-free medium flowed through a PESU with 300-, 100-,50-, and 30-kDa 
membranes at 150 mL/min. Samples were diluted 1000-fold for q-PCR. 
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Figure 5: Change of virus titer in the retentate and permeate with cumulative permeate volume in 
HPTFF mode. Virus serum-free medium flowed through a PESU 300, 100, 50, and 30 kDa 
membranes at 150 mL/min. Samples were diluted 1000 times for q-PCR. 
Figures 6 and 7 give the protein concentration in the retentate and permeate for TFF and 
HPTFF mode, respectively. The SF-900 II serum-free media has no proteins; however, the BCA 
assay detects amino acids and polypeptides from cell lysate, which we refer to as proteins. 
Figure 6 shows there is little rejection in the TFF mode for the 100- to 30-kDa experiments. 
We see more variation in protein concentration in permeate to retentate throughout the experi-
ments. Figure 7 indicates there is no rejection for proteins in the HPTFF mode for 30-, 50-, and 
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300-kDa membranes, since the protein concentration for the permeate and retentate are very 
close to each other. However, Figure 7 shows also the dependence of TMP to protein retention. 
The TMP for the 100-kDa membrane experiment was the highest among the all the HPTFF 
experiments. The protein curve for the 100-kDa membrane shows at the end of the experiment a 
higher concentration in the retentate than in the permeate. The selectivity increases due to higher 
TMP, as noticed earlier [ 10]. Here an increase in TMP in the HPTFF mode compresses the 
deposits on the membrane more and lead to less molecular permeability. We can conclude that 
optimal protein passage and viral passage are reached by choosing a membrane with right pore 
size and by maintaining constant TMP along the membrane. 
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Figure 6: Change of protein concentration in the retentate and permeate with cumulative per-
meate volume in TFF mode. Virus serum-free medium flowed through a PESU with 300-, 100-, 
50-, and 30-kDa membranes at 150 mUmin. Samples were diluted tenfold for the BCA test. 
The overall results indicate that the HPTFF mode can not only be used for protein purificat-
ion but also can be used to purify virus particles. As suggested by van Reis, HPTFF as a two-
dimensional purification method can separate molecules that differ less than twofold in size by 
manipulating pH, ionic strength, and pore size. However, the van Reis separation process includ-
ed many pre-experiments to find these correct separation conditions. Here, we did not focus on 
manipulating ionic strength or pH, since the focus of this work was to use simple conditions for a 
complex purification process. Additionally, because of the structural difference of viruses com-
pared to proteins, pH and ionic strength do not affect virus particles much. The main simple con-
dition, a constant transmembrane pressure throughout the experiment, produced a better passage 
of virus particles in the HPTFF mode. Additionally, a constant transmembrane pressure is the 
simplest mode of operation that allows scaleup, when we consider AeDNV as a vector control 
agent in programs against mosquito-borne diseases. AeDNV could be produced in fermentation 
scale in SF-900 II medium, then purified and finally seeded in tapwater when an outbreak of 
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Figure 7: Change of protein concentration in the retentate and permeate with cumulative perme-
ate volume in HPTFF mode. Virus serum-free medium flowed through a PESU with 300-, 100-, 
50-, and 30-kDa membranes at 150 mUmin. Samples were diluted tenfold for the BCA test. 
mosquito-borne diseases is noticed. That the simple scaleup approach is successful has been 
shown by Meltzer and Jomitz on hollow-fiber membranes [11]. This simple condition was 
enough to purify viruses from contaminants such as proteins or DNA, as seen by our results of 
the 100-kDa membrane. The fact that we removed, in addition to protein contaminants, some 
DNA, is obvious. C. Peixoto [12] developed a purification stream with UF crossflow hollow 
fibers and size exclusion chromatography (SEC) for VLPs produced in SF 900 II media. Just the 
UF hollow-fiber step was able to remove 50% of the DNA. 
Therefore, it is proposed that to further purify AeDNV particles, a size-exclusion chromatog-
raphy step in combination with flat-sheet ultrafiltration 100-kDa membrane in HPTFF mode. 
Under these conditions HPTFF cannot only purify but can also concentrate viral particles. 
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Introduction 
Polyelectrolyte/protein interactions enhance stability of a protein's secondary structure1. 
Furthermore, polysaccharides play an important role in the stability and activation of important 
growth factors used to induce mesenchymal stern cell differentiation2- 5. In this study, we are 
interested in using IR spectroscopy to study the adsorption and stability of model proteins onto 
polyelectrolyte multilayer films. Two naturally-derived polyelectrolytes are used in this study: 
heparin and chitosan. Heparin, a strong polyanion, is a sulfonated polysaccharide that binds and 
activates many important growth factors, including members of the fibroblast growth factor 
(FGF) farnill and the transforming growth factor~ (TGF-~) superfarnily4•5• Chitosan, a weak 
polycation, has demonstrated antimicrobial activity6- 10, and supports mammalian cell growth11 •12. 
Polyelectrolyte rnultilayers made from these polysaccharides may serve as surface coatings for 
tissue engineering scaffolds and orthopedic implants. 
Several recent studies have investigated adsorption of proteins onto polyelectrolyte rnultilay-
ers (PEM)1•13-16. These PEM are created by alternating deposition of a polycation and polyanion 
on a charged substrate. These studies demonstrated that electrostatic interactions are primarily 
responsible for stabilizing bound proteins. Several studies have observed that proteins adsorb to 
PEM regardless of the charge of the final layer. Schwinte et al. 1 explain that this happens 
because, even though proteins carry an overall charge, pendant groups whose charge is different 
from the net charge of the protein are sufficient to stabilize adsorption. However, all of these 
studies use PEMs made from synthetic polymers. To the authors' knowledge no study prior to 
this one has been performed to investigate the stability of proteins adsorbed onto PEM using the 
naturally-derived polyelectrolytes used here. 
Infrared spectroscopy has been widely used to study the secondary structure of proteins17.18. 
The IR spectra of proteins contains three regions that can be used to discern protein secondary 
structure: amide I (1700-1600 em-\ amide IT (1600-1500 ern-\ and amide III (1350-1200 crn-
1)17'18. The amide I and II regions are favorable in IR studies due to their high absorbance even at 
low protein concentrations. Secondary structural features can be discerned in the amide I 
region17.1 8• Resolving the principal component bands from the amide I peak provides relative 
amounts of the secondary structural features of the proteins17- 21 •23 . Different methods for resol-
ving the amide I region in a protein spectrum in solution or adsorbed onto a surface have been 
reported, including Fourier self-deconvolution17- 21 , second derivative17- 19•21- 24 , and partial least 
squares 17 •25 . All of these methods show reasonable results of protein secondary structure when 
compared to other methods such as X-ray crystallography and circular dichroism. Hydrogen-
deuterium exchange (HDX) has also been used to study the secondary structure of proteins using 
FT-IR17.18• During HDX, hydrogen atoms are exchanged with heavier deuterium atoms, causing 
a shift to lower wavenumbers in the IR spectra. When globular proteins are in a folded state, in 
which they are stable, they should exchange fewer hydrogen atoms, thus the quantification of the 
exchange can provide information about the stability of the protein. 
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In this article we report results obtained from the interactions of model proteins, with sur-
faces having different net charges at physiological pH, using PEM constructed from naturally-
derived polysaccharides. FT -IR spectroscopy used in polarization modulation mode (PM-
IRRAS) is used to analyze the adsorbed proteins on the PEM, while FT-IR in transmission mode 
is used to investigate the proteins in solution. FT -IR of the amide I regions of the spectra and 
HDX experiments are used to obtain secondary structural information. 
Materials and Methods 
Materials. Chitosan (poly(~-(1,4)-D-glucosamine-co-N-acetyl-D-glucosamine); 4.7% acetyl-
ated) was purchased from Biosyntech (Laval, Que., Canada). Heparin sodium (from porcine 
intestinal mucosa, 12.5% sulfur) was purchased from Celsus Laboratories (Cincinnati, OH). 11-
Mercaptoundecanoic acid (MUA) (95%) was purchased from Sigma-Aldrich (St. Louis, MO). 
SFlO glass chips (18 mm x 18 mm) were purchased from GWC Technologies (Madison, WI). 
Gold was purchased from Alfa Aesar (Ward Hill, MA). Glacial acetic acid and ethanol (200 
proof, 99.5 %) were purchased from Acros Organics (Geel, Belgium). Sodium acetate was pur-
chased from Fisher (Pittsburgh, PA). A Millipore (Billerica, MA) Synthesis water purification 
unit was used to obtain 18.2-Mn water, used for making all aqueous solutions. 
The polyelectrolytes were dissolved in a 0.2 M acetate buffer solution, pH 5. Table 1 lists 
some of the key features of the proteins used in this study. Bovine serum albumin was purchased 
from Sigma. Lysozyme was purchased from Pierce (Rockford, IL). All proteins were used as 
received without further purification. Proteins were dissolved in pH 7.3 phosphate-buffered 
saline (PBS) (0.137 M NaCl, anhydrous Na2HP04, KCl, and KH2P04, all purchased from Fish-
er). All solutions were filtered with a 0.22-~m PVDF filter (Fisher) prior to any experiment. 
Table 1. Proteins used in this study. 
Protein MW (kDa) Conformation pi Net charge at pH 7.3 
BSA 66.4 Globular 4.7 
Lysozyme 14.3 Globular 11.4 + 
Construction of polyelectrolyte multilayers (PEM) and protein adsorption. Construction 
of the PEM from chitosan and heparin has been extensively studied in our laboratory, and a de-
tailed procedure can be found elsewhere26. In brief, an SF-10 glass chip was coated with gold 
( -45 nm) using chromium as an adhesion layer ( -5 nm). A self-assembled monolayer of MUA 
was deposited on the gold substrate by adsorption from a 1-mM ethanolic solution. The MUA-
coated gold substrate was mounted on the flow cell of an SPR-100 module of a Nicolet 8700 
FT -IR (Thermo-Electron, Madison, WI). The SPR module was used to monitor the construction 
of the PEM by alternating 5-min adsorption steps of the polyelectrolytes, with a 5-min acidified 
water rinse (pH 4) between adsorption steps. Chitosan and heparin solutions with concentrations 
of 0.01 M were prepared in acetate buffer (0.2 M, pH 5). Concentrations were calculated on a 
saccharide unit basis. 
Figure 1 shows an SPR trace (plasmon resonance peak position vs. time), beginning with the 
initial rinse, and showing the subsequent polyelectrolyte adsorption steps (chitosan, water, hepar-
in, water, etc.). The wavenumber shift after deposition of each layer (during water rinse) con-
firms the construction of the PEM. The refractive index of the PEM (1.41) was used to determine 
the thickness of the PEM from the SPR data26. A wavenumber shift of -28 cm-1 corresponds to 
an increase in the PEM thickness of -1 nm. For the PEM represented by Figure 1, the thickness 
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Figure 1. IR spectra of polyelectrolyte multilayers without 
lysozyme (dotted), with lysozyme (solid), and subtracted 
spectrum of lysozyme (circles). Lysozyme was adsorbed 
from solution (250 r.-tg/ml) under static condition for 24 h. 
Top three graphs represent a heparin-terminated (negative) 
surface, while the bottom three represent a chitosan-
terrninated (neutral) surface. 
is -7.5 nm. Two methods were invest-
igated for adsorbing proteins to the PEM, 
static and constant flow. For static adsorp-
tion, the PEM was removed from the SPR 
flow cell, rinsed with ethanol then with 
PBS and placed in a Petri dish containing 
the dissolved protein in PBS. The sub-
strate was kept in the solution for 24 h. For 
the constant flow adsorption, first PBS 
was allowed to flow through the flow cell 
for 20 min. Following the PBS rinse, the 
protein solution was allowed to flow and 
recycle through the cell for 24 h. Before 
completion, the substrate was rinsed with 
PBS to remove any unbound protein. 
Polarization modulation infrared 
reflection absorption spectroscopy 
(PM-IRRAS). FT -IR spectroscopy was 
used in polarization modulation mode to 
study protein adsorption. Experiments 
were conducted using a Nicolet 8700 FT -IR (Thermo-Electron) spectrometer configured with a 
tabletop optics module equipped with a PEM-90 photoelastic modulator (Hinds Instruments, 
Hillsboro, OR) to provide polarization of the incident infrared light with a grazing angle samp-
ling optics (86° for gold substrate), a liquid nitrogen-cooled MCT-A detector and a demodulator 
(GWC Technologies) to process the s-and p-polarized reflection spectra. A cubic spline func-
tion, with predetermined spline points, was applied to the data to remove the Bessel function 
background characteristic of PM-IRRAS spectra26. PM-IRRAS spectra were collected at 2 cm-1 
resolution with 1000 scans for each sample in the range of 1000-2000 cm-1• 
Transmission Fourier transform infrared (FT-IR) spectroscopy. FT-IR spectroscopy in 
transmission mode was used to study the native structure of the proteins in solution. Proteins 
were dissolved in D20 to 10 mg/ml for all transmission FT-IR experiments. DzO was used as the 
solvent in order to avoid the water absorption band found in the amide I region. DzO serves as a 
good solvent, maintaining protein stability while avoiding water absorption17- 19. Experiments 
were conducted using a Nicolet 8700 FT -IR (Thermo-Electron) spectrometer with a Spectra-
Tech demountable pathlength cell kit (Thermo-Electron) holder using two 32-mm diameter and 
3-mm thick CaF2 windows and a 25-!!m Teflon® spacer. Two hundred scans were collected at a 
resolution of 4 cm-1• A liquid nitrogen-cooled MCT -A detector was used to collect the data. The 
chamber of the FT -IR was purged with C02-free dry air prior to and during all experiments. A 
background spectrum was collected when the sample holder was not present in the chamber. 
Spectra of the holder with D20 and protein in D20 were then collected. The protein spectra were 
obtained by subtracting the D20 spectrum from the protein in D20 spectra. 
Hydrogen-deuterium exchange (HDX). An HDX technique was used to study the secon-
dary structure of the adsorbed proteins. Substrates with the protein adsorbed were put in a cham-
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ber humidified with D20 (95% relative humidity). PM-IRRAS spectra were collected at several 
time periods until equilibrium was achieved (up to 72 h). 
Spectral analysis. Data for all FT -IR experiments was collected using Thermo-Electron 
OMNIC 7.3 software. For Ff-IR in transmission mode, OMNIC's spectral math feature was 
used to obtain the protein spectra. The spectroscopy analysis software IgorPro (Version 5.0.5.7, 
Wave Metrics, Portland, OR) was used to perform the Bessel function subtraction for the PM-
IRRAS data. IgorPro was also used to subtract the PEM spectra from the PEM substrates with 
adsorbed protein. To study the secondary structure of the adsorbed proteins, the amide I regions 
(1600-1700 cm-1) of the spectra were analyzed. The peak resolve procedure in OMNIC was 
used to fit the Gaussian components of the amide I peak. This algorithm uses a cubic-polynomial 
five-point Savitzky-Golay second derivative to identify the positions of component peaks within 
of the amide I band, and then optimizes their intensities, widths, and positions to fit a composite 
spectrum to the original spectrum. The peak positions and the areas of the component bands were 
recorded. The areas were expressed in percent of the total area of the peaks corresponding to 
secondary structural features within the amide I band. 
Results 
In general, we found that the static adsorption was more effective than adsorption under flow. 
The PM-IRRAS spectra of the samples prepared using static adsorption showed more intense 
peaks, indicating that more protein was adsorbed on the surface (data not shown). Figure 2 
shows the PM-IRRAS spectra of two PEM with (solid curve) and without (dotted curve) protein, 
and the spectra of the adsorbed proteins with the PEM subtracted (circles). IR spectra of proteins 
are characterized by the presence of the amide I (1700-1600 cm-1) and II (1600-1500 cm-1) 
regions. For Figure 2, the strong presence of the amide I (-1670 cm-1) and amide II (-1550 cm-1) 
peaks in the spectra confirms. the adsorption of lysozyme onto the PEM. Figure 2 shows that 
lysozyme, positive at physiological pH, adsorbs onto the PEM regardless of whether the final 
layer carries a negative or neutral charge. The chitosan-terminated PEM carries a neutral charge 
at physiological pH, while the heparin-terminated surface caries a negative charge at neutral pH. 
Similar experiments with bovine serum albumin (negative at physiological pH) confirmed that 
proteins with isoelectric points above and below the solution pH adsorb onto both negative and 
neutral surfaces (figures not shown). Our results agree with previous reports of protein adsorp-
tion onto PEM made from synthetic polymers1•13- 16. Several mechanisms1'14-15 have been pro-
posed to explain this phenomenon. Proteins do not behave as point charges; rather globular pro-
teins have a surface characterized by local regions of both positive and negative charges that can 
interact with surfaces. Thus, the net charge and isoelectric point are not necessarily good predic-
tors of protein adsorption. 
Noticeable changes in IR spectra can provide stability information of absorbed proteins. For 
example, disappearance of the amide peaks over time may indicate protein hydrolysis. In the 
case of BSA, a decrease in a-helix content and increases in both ~-sheet and ~-turn content 
(obtained by analyzing the amide I region) indicates aggregation 7• 
Protein adsorption studies were performed at two different concentrations, 10 and 250 ~-tg/ml. 
Adsorption of lysozyme was noted for both concentrations; however, adsorption of BSA was not 
observed at 10 J.tglml. To study the stability of the adsorbed proteins, an analysis of the amide I 
region of the spectra was performed. It was assumed that the PEM with protein spectra were a 
linear combination of the spectra of the PEM plus the spectra of the proteins in the form: 
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(1) 
where M( v) is the collected spectra, S 1 ( v) and S2( v) are the spectra of the PEM and the protein, 
respectively, as functions of wavenumber ( v), and a 1 and a2 are weight factors. Dividing equat-
ion 1 by the PEM spectrum can enables one to solve for the value of a 128: 
(2) 
(2) 
The constant a 1 is found from the ratio M( v)/S1( v) when S2( v) equals zero (i.e. in a region where 
the protein does not adsorb). Once, a1 is known, eq. (1) can be used to find the protein spectrum. 
Values of a 1 used for all experiments fell within the range of0.15-l.l. A 15-point Savitzky-
Golay smoothing algorithm was performed prior to analysis of spectra. The amide I region from 
1600-1700 cm-1 was evaluated by fitting a number of Gaussian curves. The number and location 
of the peaks were estimated by calculating the cubic-polynomial five-point Savitzky-Golay 
second derivative of the spectra. The peaks were automatically adjusted to produce a composite 
spectrum that matches the original. Figure 3 shows an example of the corrected spectrum with its 
second derivative, Gaussian peaks, fitted curve, and residual error. 
Figure 3 demonstrates that the amide I region of lysozyme adsorbed onto a heparin-termin-
ated PEM can be deconvolved into eight Gaussian peaks. Six of the eight peaks can be assigned 
to secondary structural features of the protein, while the other two can be attributed to side-chain 
regions. The peaks at 1631, 1645, 1657, 1667, 1678, and 1691 cm-1 were assigned to a ~-sheet, 
h 1. h 1' h 1' d A h . 1 117- 19 22 C 'b . f a- e tees, a- e tees, a- e tees, turns, an a tum or • ...-s eet, respective y · · . ontn utwns o 
each peak to the sum of the areas of the secondary structure peaks can be calculated to give the 
relative percentage of the secondary structural features of the protein. For Figure 3 the low-freq-
uency ~-sheet (1631 cm-1) accounts for 4%, three a-helix peaks (1645, 1657, and 1667 cm-1) 
add up to 61%, turns (1678 cm-1) account for 21%, and a peak at 1691 cm-1, which can be 
assigned to a tum or ~-sheet, accounts for 14% of the protein's secondary structure. Similar 
analysis was performed for all the protein and surface combinations, and the Gaussian peak 
parameters were recorded and compared. · 
The proteins in solution were also studied. The solution spectra were obtained by dissolving 
10 mg/rnl of protein in D20. D20 is a favorable solvent for transmission Ff-IR of proteins in 
solution because it preserves the protein structure and avoids the overlapping water band in the 
amide I region17- 19. Figure 4 shows the deconvolved amide I peak of lysozyme dissolved in D20. 
The deconvolution results in nine peaks, seven of which can be assigned to structural features of 
the protein. 
Hydrogen/deuterium exchange (HDX) consists of exposing a sample to a D20-rich environ-
ment to allow the exposed hydrogen atoms to be exchange with deuterium atoms. The FT -IR 
spectrum of the exchanged sample typically has adsorption bands with lower wavenumber 
positions since the deuterium atoms are heavier than hydrogen atoms. HDX causes all of the 
absorption bands within the amide I region to shift to lower wavenumbers by 2 to 10 cm-1. The 
amide II region encounters the largest shift, were the region at 1554-1539 cm-1 decreases in 
intensity and a new region appears at 1444-1427 cm-1, generally referred as amide II'17- 19. The 
relative intensities of the amide II and amide II' peaks gives information on the stability of the 
secondary structure of the proteins by indicating the relative number of hydrogen atoms exposed 
for exchange; proteins in an unfolded state have more protons exposed for greater exchange. 
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Figure 3. IR spectra (middle circles) and calculated 
curve (middle line) of lysozyme adsorbed onto a hepar-
in-terminated PEM (from a 10 f..lg/ml solution), its 
second derivative (top), and its residual (bottom). 
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Figure 4. IR spectrum (middle circles) and calcul-
ated curve (middle line) oflysozyme dissolved in 
deuterium oxide (10 mg/ml), its second derivative 
(top), and its residual (bottom). 
Figure 5 shows PM-IRRAS spectra of lysozyme adsorbed to a chitosan-terminated PEM 
undergoing HDX. Spectra were corrected by subtracting the underlying PEM from each of them. 
Before HDX (0 h) the strong presence of the amide II peak is noticeable in Figure 5. HDX is 
confirmed by the evident reduction of the amide II peak and the formation of the amide II' peak 
around 1450 cm-1• Previous experiments in our laboratory confirm that the spectrum of the 
underlying PEM does not change detectably during the HDX process, thus it is safe to assume 
that the protein spectra is the only one affected. 
Tables 2 and 3 summarize theFT -IR studies of lysozyme and BSA, respectively, and 
compare the proteins in solution to proteins adsorbed to PEM, both before and after HDX. When 
lysozyme is adsorbed to surfaces, in all cases the a-helical content is decreased and the 
percentages of higher wavenumber tum and ~-sheet structures are increased. Adsorption from 
more concentrated solutions, in general, 
reduces protein stability. On the heparin-
terminated surfaces, the a-helical peaks of 
lysozyme adsorbed from m250 ~g/ml 
solution undergo a greater wavenumber 
shift during HDX than at other conditions. 
In protonated samples a-helical peaks 
appear in a range that overlaps with peaks 
from some unordered regions. Upon HDX, 
typically, the unordered regions undergo a 
greater wavenumber shift than the a-helix 
peaks. Thus, the greater wavenumber shift 
for these peaks could also indicate some 
unfolding of lysozyme when adsorbed 
from concentrated solution onto heparin-
terminated PEM. However, this effect is 
not observed when lysozyme was 
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Figure 5. Spectra of lysozyme during HDX at different 
time points, having the underlying PEM (chitosan-termin-
ated) spectrum subtracted. Lysozyme was adsorbed from a 
10 f..lg/ml solution. 
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Table 2. Structural analysis of lysozyme adsorbed on a PEM and in solution. 
Condition" 
Solution 
10 mg/ml 
Rep-terminated 
250 f.lg/rnl 
Rep-terminated 
250 f.lg/rnl 
Chi -terminated 
250 f.lg/ml 
Chi-terminated 
250 f!g/rnl 
Rep-terminated 
10 f.lg/rnl 
Rep-terminated 
10 f!g/rnl 
Chi -terminated 
10 f.lg/ml 
Chi -terminated 
10 f.lg/ml 
RDX treat-
ment, h 
0 
72 
0 
72 
0 
72 
0 
72 
Secondary Structural Features 
~-Sheet or 
side chain /J-Sheet 
1626 (8%) 1636 (18%) 1645-1660 (65%) 
1622 (3%) 1635 (7%) 1647-1669 (58%) 
1617 (3%) 1630 (7%) 1643-1663 (57%) 
1623 (4%) 1633 (9%) 1646--1669 (59%) 
1625 (6%) 1636 (11%) 1647-1669 (61%) 
1631 (4%) 1645-1667 (61%) 
1632 (9%) 1645-1668 (63%) 
1630 (7%) 1643-1665 (55%) 
1630 (10%) 1643-1665 (61%) 
Turn 
1675 (7%) 
1681 (22%) 
1674 (20%) 
1678 (16%) 
1680 (15%) 
1679 (21 %) 
1679 (19%) 
1676(21%) 
1677 (19%) 
Turn or 
~-sheet 
1684 (2%) 
1694 (10%) 
1683 (13%) 
1690 (12%) 
1691 (7%) 
1691 (14%) 
1691 (9%) 
1688 (16%) 
1689 (10%) 
""Solution" indicates protein spectra obtained in a D20 solvent at the concentration given. "Rep-terminated" and 
"Chi-terminated indicate protein adsorbed to a heparin-terminated PEM and chitosan-terminated PEM, respectively, 
at the indicated concentrations. 
bRange in the peak positions accounts for multiple peaks that can be assigned to a structural feature;the percentage is 
the sum of the areas of those peaks. For lysozyme three peaks were obtained that can be assigned to a-helices. 
Table 3. Structural anal~sis of BSA adsorbed on a PEM and in solution3 • 
Secondary Structural Features 
Condition HDX treat- ~Sheet or ~Sheet a-Helixb Tum Turn or 
ment, h side chain ~sheet 
Solution 1616 (4%) 1637 (22%) 1646--1660 (56%) 1667 (11 %) 1675 (7%) 
10 mg/rnl 
Rep-terminated 0 1619 (14%) 1630 (20%) 1644-1657 (41 %) 1665 (14%) 1676 (11 %) 
250 f.lg/rnl 
Rep-terminated 72 1619 (18%) 1630 (22%) 1643-1658 (41%) 1666 (11 %) 1676 (8%) 
250 f.lg/rnl 
Chi-terminated 0 1621 (13%) 1634 (15%) 1646--1657 (36%) 1667 (19%) 1677 (17%) 
250 f.lg/ml 
Chi-terminated 72 1621 (13%) 1633 (14%) 1643-1655 (42%) 1667 (18%) 1677 (13%) 
250 f.lg/rnl 
""Solution" indicates protein spectra obtained in a D20 solvent at the concentration given. "Rep-terminated" and 
"Chi-terminated indicate protein adsorbed to a heparin-terminated PEM and chitosan-terminated PEM, respectively, 
at the indicated concentrations. 
bRange in the peak positions accounts for multiple peaks that can be assigned to a structural feature; the percentage 
is the sum of the areas of those peaks. In solution there were three peaks assigned to a-helices. On surfaces, only 
two a-helix peaks were found in the indicated ranges. 
adsorbed to heparin-terminated surfaces from 10 f.lg/ml solutions, or when lysozyme was ad-
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sorbed to chitosan-terminated surfaces. The results obtained in our laboratory agree with those 
found in the literature for the composition ofBSA and lysozyme17. 
For BSA adsorbed to surfaces, there is significant loss of a-helical content and an increase in 
~-sheet structures, compared to the BSA in solution. The ~-sheet structures found at 1616 cm-1 
and 1675 cm-1 when BSA is dissolved in D20 occur at slightly elevated wavenumbers when 
adsorbed to surfaces. This may indicate that the formation of ~-sheets upon adsorption result in 
relatively stable H-bonds that are not susceptible to HDX. 
Conclusion 
The adsorption and stability of model proteins onto polyelectrolyte multilayers prepared from 
naturally-derived polysaccharides was investigated. It was confirmed via FT -IR that both negat-
ively- and positively-charged proteins adsorb onto both negatively-charged and neutral PEM. 
Both lysozyme and BSA undergo changes in their secondary structures when adsorbed to PEM, 
characterized by loss of a-helical content and increases in ~-sheet structures. For lysozyme, the 
secondary structure is more stable when it is adsorbed from dilute solution. For BSA, the ~-sheet 
structures that are formed during adsorption are apparently strongly H-bonded, as they undergo a 
reduced degree of HDX compared to the protein in solution. 
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Intracellular trafficking of pentablock copolymer/DNA polyplexes in 
cultured human cancer and normal cells for gene delivery 
Bingqi Zhang and Surya Mallapragada 
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Abstract 
In this study, novel poly(diethylaminoethylmethacrylate)(PDEAEM)/Pluronic® 127 penta-
block copolymers were able to mediate high-efficiency transfection of human epithelial ovarian 
carcinoma (SKOV3) cells while showing significantly lower efficiency on human epithelial 
retina (ARPE-19) cells and three other animal normal cell lines. To further examine the intra-
cellular routes of polyplexes in SKOV3 and ARPE-19 cells, pentablock copolymers and plasmid 
DNA were covalently attached with Alexa Fluor® 647 and ethidium monoazide (EMA), respec-
tively, and their fluorescence was tested by confocal microscopy. Confocal microscopic images 
showed that plenty of polyplexes translocated into nuclei within 3 h of transfection in SKOV3 
cells, yet only few polyplexes were observed in APRE cells. This difference in the amount of 
polyplexes in nuclei was also found in the cells at 10 h and 24 h posttransfection, indicating less 
nuclear entry may result in the low efficiency of transfection. This assumption was supported by 
another finding that the polyplexes in the cytoplasm in SKOV3 were also more dominant than 
those in ARPE-19 cells. In other words, dissociation ofpolyplexes might take place more readily 
in ARPE-19 cells since plenty of free copolymers were still found alone in the cytosol. Interest-
ingly, free DNA showed a weak signal or was localized around the cell membrane area, which 
implied that the uncomplexed DNA may have been degraded by the nuclease in the cytoplasm, 
or it might have been exported out of the cell via exocytosis or other mechanisms. Although the 
validity of the hypothesis that our pentablock copolymer could selectively transfect carcinoma 
cells needs further examination, this present work provides a new perspective to design targeting 
vectors based on different characteristics among specific cells. 
1. Introduction 
One of the features of the ideal non-viral trans gene vector is cell specificity, which is so far 
usually achieved via receptor-mediated endocytosis by integrating cell specific ligands in the 
gene transfer system [1-3]. With a receptor on the target cell surface and a matching ligand that 
can be attached to the synthetic vector, a targeting gene delivery system could be established and 
expected to enhance the gene expression by increasing cellular uptake in the specific cell types. 
Through this receptor-mediated uptake, only the cells having some recognized over-expressed 
receptors could be "designed" as the target with the prerequisite that the ligand is also available 
and attachable to the vector of interest without compromising its DNA condensing ability, serum 
resistance and/or other particular properties. Commonly investigated ligands include asialoglyco-
protein specific for hepatocytes [4-6], mannose for macrophages [7-9], and transferrin [ 10] and 
folate [11, 12] for certain tumor cells. These have been reported to improve the transfection effi-
cacy selectively in the target cells. Although the polymeric vectors have a great flexibility to be 
tailored for particular applications like the ligand modification, there are several limitations of 
this approach. In many cases, the receptors are over-expressed on the specific cell types, but they 
are also expressed by other cells, thereby decreasing the targeting efficiency. Moreover, interact-
ions with serum proteins in the bloodstream and aggregation could further reduce the specificity 
of cellular uptake [13, 14]. A well-known fact is that the same gene delivery system may exhibit 
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quite different transfection efficiencies in different cell types [15-17], indicating there are partic-
ular cellular characteristics that affect the gene expression and could potentially be used to build 
up a cellular screen to selectively express foreign genes by specific cells. As an important cellu-
lar characteristic, the cell cycle plays a significant role in gene transfer due to high dependence 
of gene expression on the mitotic phase, especially with the use of non-viral vectors [18-20]. 
In this present work, we report a novel pentablock copolymer with the potential selectivity to 
selectively transfect fast-growing cells. The novel amphiphilic pentablock copolymer developed 
in our laboratory exhibits temperature- and pH-induced micellization and gelation [21]. The cen-
tral triblock Pluronic F127 contributes to the temperature responsiveness and promotes cellular 
entry [22]. The end-blocks of poly(diethylaminoethyl methacrylate) (PDEAEM) are the essential 
functional cationic segments to complex with DNA and to provide pH buffering in the endosome 
with their protonatable tertiary amine groups [23]. In order to improve the stability and reduce 
the cytotoxicity caused by excess positive charges on the surface of copolymer/DNA polyplexes, 
free Pluronic F127 was added to the polymer-DNA complexes to shield these excess charges 
[24 ]. Previous work has proved the high transfection efficiency of the pentablock copolymer and 
the stabilization effect induced by Pluronic F127 in serum supplemented medium in cancer cell 
lines. Furthermore, this transgene system is also injectable and can form thermoreversible gels in 
vivo for sustained release. Therefore, combining its potential selectivity for transfecting fast-
growing cells, and its ability to be injected intra-tumorally to form gels for sustained gene deliv-
ery makes it promising as an ideal sustained and targeted transgene vector for cancer therapies. 
2. Materials and Methods 
2.1 Materials 
The SKOV3 human ovarian carcinoma and ARPE-19 human retinal cell lines were obtained 
from A Tee™ (Manassas, VA). Cell culture reagents including Dulbecco' s Modified Eagle Med-
ium (DMEM), heat-inactivated fetal bovine serum (FBS), 0.25% trypsin-EDT A, and Hank's 
buffered salt saline (HBSS) were purchased from Invitrogen (Carlsbad, CA). Dulbecco's 
MEM:Ham's Nutrient Mixture F-12, 1:1 Mix (DMEM/F-12) came from ATCC. The luciferase 
assay system and passive lysis buffer (PLB) were purchased from Promega (Madison, WI). 
Alexa Fluor®647 carboxylic acid, succinimidyl ester (written as Alexa 647 henceforth), and 
ethium monoazide (EMA) were also purchased from Invitrogen. ExGen 500® (written as ExGen 
henceforth) was purchased from Fermentas Life Sciences (Hanover, MD). DNase I was pur-
chased from Ambion (Austin, TX). HiSpeed Plasmid Maxi Kit was obtained from Qiagen (Val-
encia, CA). Pluronic F127 [(PEO)wo-b-(PP0)65-b-(PEO)wo], where PEO represents poly( ethyl-
ene oxide) and PPO represents poly(propylene oxide), micro pastille surfactant was donated by 
BASF (Florham Park, NJ) and used without further modification. 
2.2 Penta block copolymer synthesis and attachment of Alexa Fluor 647 
The pentablock copolymer PDEAEMwb-PEOwo-b-PP065-b-PEOw0-b-PDEAEM13 used in the 
present work (Scheme 1) was synthesized via atom transfer radical polymerization (ATRP) as 
previously reported [21], with Mn = 17,533 and Mw!Mn = 1.14, as judged by 1H NMR (in deuter-
ated chloroform) and gel permeation chromatography (GPC) (tetrahydrofuran mobile phase, 
poly(methylmethacrylate) calibration standards) respectively. To attach the fluorescent dye 
Alexa Fluo 647 for intracellular trafficking studies, this pentablock copolymer was amine-
fum;tionalized by transforming the bromine group into azide and then further into triphenylphos-
phine and finally into the amine group after hydroxylation. Alexa 647 was reacted with amine-
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modified pentablock similar to a procedure reported previously [25]. 
Scheme 1. Chemical structure of pentablock copolymers 
2.3 Plasmid DNA purification and EMA attachment 
Bacteria containing the 6.7-kb pGWIZ-luc plasmid (Gene Therapy Systems, Inc., San Diego, 
CA) encoding the luciferase reporter gene were grown in selective Luria-Bertani (LB) medium 
containing 100 D g/ml kanamycin and 20 mM glucose and then purified using the Qiagen 
HiSpeed Maxi Kit. DNA was labeled with the fluorescent probe ethidium monoazide (EMA, 8-
azido-3-amino-6-phenyl-5-ethylphenanthradinium chloride) according to the procedures reported 
elsewhere [26, 27]. 
2.4 Polyplex formation 
Polymer/DNA polyplexes at various NIP ratios were formulated by adding appropriate quan-
tities of unlabeled or labeled pentablock copolymer (2 mg/ml) solution in 0.5x HBS, pH 7.0, to 
plasmid DNA solutions that were properly prediluted with the same HBS buffer to get the equal 
mixing volume. The mixture was briefly vortexed and allowed to incubate at room temperature 
for 20 min to ensure complexation. If required, Pluronic F127 solution (10 mg/ml) in 0.5 x HBS, 
pH 7.0, was added to the formulation to get the F127/pentablock copolymer wt. ratio of 5 with 
gentle vortexing followed by another 10 min incubation. We will be referring throughout this 
work to four abbreviations for the different vectors used to form polyplexes: Prefers to the 
pentablock copolymer alone, Pd refers to the pentablock copolymer with the fluorescent dye 
attached, F refers to PluronicF127, and correspondingly, P-F refers to the pentablock copolymer 
with subsequent added Pluronic F127 for shielding the excess positive charges. 
2.5 Cell culture 
The SKOV3 cells were grown in Dulbecco's Modified Eagles Medium (DMEM, Invitrogen) 
supplemented with 10% (v/v) fetal bovine serum (PBS, heat-inactivated, GIBCO) at 37°C under 
a humidified atmosphere containing 5% C02• ARPE-19 cells were grown in DMEM/F-12 
(A TCC) containing 10% PBS under the same conditions. Cells were passaged approximately 
every 2-3 days for SKOV3, 4-5 days for APRE-19, and 7-8 days for 3T3 cells. 
2.6 In vitro transfection 
Cells of interest were seeded into a 96-well plate at an initial density of 1.2 X 104 cells per well 
in 200 !!1 growth medium and allowed to incubate for 24 h to reach 70% confluence when trans-
fection could be performed. Polyplexes prepared at given NIP ratios were added to the newly 
changed PBS-supplemented medium with 0.6 !!g of DNA per well. After 3 h transfection at 
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3iC, the medium containing polyplexes was replaced with fresh growth medium and cells were 
allowed to grow for another 45 h post-transfection until the luciferase assay was performed using 
the Renilla luciferase assay system from Promega. Each transfection was done in triplicate. 
2. 7 Confocal microscopy 
EMA and Alexa Fluor 647 were chosen to label DNA and the pentablock copolymer, respec-
tively, in this study, because their non-overlapping spectra minimized the potential interference 
that could occur between the two dyes. Confocal images were collected with a Prairie Technol-
ogies (Madison, WI) confocal microscope, and analyzed with Meta View software (Universal 
Imaging Corporation, Marlow, Buckinghamshire, England). An argon/krypton mixed gas laser 
with 488- and 633-nm excitation lines was used to induce fluorescence. Excitation of EMA 
bound to DNA was achieved by using the 488-nm laser, with the emitted fluorescent wave-
lengths observed using a 600/40 nm notch filter. Alexa Fluor 647 attached to pentablock copoly-
mer was excited by the 633-nm laser with the emitted fluorescent wavelengths observed using a 
700175-nm notch filter. The thickness of the cells was estimated by varying the scanning plane 
from the bottom to the top of the cells and images were collected at the central plane. 
2.8 Statistical Analysis 
The data is presented as mean and standard deviation, which are calculated over at least three 
independent experiments. Significant differences between two groups were evaluated by 
Students' t-test with p :::; 0.05. 
3. Results and Discussion 
Although it is a commonly known fact that transfection efficiency could be largely dependent 
on cells due to the complex cellular structure and consequently varied gene delivery mechan-
isms, the big differences in transfection efficiencies of SKOV3 and ARPE-19 cells (Figure 1 ), 
which we may refer to as a cancer cell line and "normal" cell line, respectively, provides a chal-
lenging possibility that this pentablock copolymer might possess a natural selectivity to transfect 
cancer cells or in general, the type of cells bearing some specific features of SKOV3 cells. To 
investigate this further, intercellular trafficking studies of pentablock copolymer/DNA 
polyplexes in SKOV3 and ARPE-19 cells were performed during transfection and post-
transfection, by labeling the pentablock copolymer with a fluorescent dye. 
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Figure 1. Transfection of ARPE-19 and 
SKOV3 cells by P/DNA and P-F/DNA at 
NIP ratios of 20 and 30, as denoted by the 
figures following abbreviations, with blank 
cell and naked DNA as negative controls 
and ExGen at NIP ratio of 6 as the positive 
control according to the provided protocol. 
Luciferase activity was expressed as the rel-
ative light units (RLU) per mg of protein (n 
= 4, mean± S.D.*:::; 0.05, ** = p < 0.01). 
To investigate this further, intercellular trafficking studies of pentablock copolymer/DNA 
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polyplexes in SKOV3 and ARPE-19, cells were performed during transfection and post-trans-
fection, by labeling the pentablock copolymer with a fluorescent dye. Taking the transfection 
efficacy and cytotoxicity into account (data now shown), Pd at an NIP ratio of 40 was used for 
the intracellular trafficking study. 
Our initial hypothesis was that the significant differences in transfection efficacy between the 
two cell lines were largely due to the positive effect of proliferation rate on nuclear transport. To 
check if nuclear uptake actually occurs more in SKOV3 cells than in ARPE-19 cells, pentablock 
copolymer/DNA polyplexes were tracked at 3, 10, and 24 h after the start oftransfection. Figure 
2 shows a representative image of the APRE-19 cells at 3 h, where co localization of pentablock 
copolymer and DNA was clearly observed with yellow dots, suggesting that polyplexes 
remained in their original form, and in particular some polyplexes had localized to the perinuc-
leus, as seen in cells 1, 3, and 4. However, the most impressive feature ofthe 3-h sample resides 
in the dissociated polyplexes, which could be easily detected by the abundant red and relatively 
fewer green dots. Moreover, except for cells 3 and 4, the red free pentablock copolymer appeared 
to be dominant and the green DNA was just absent, especially in cells 1 and 2. We have postulat-
ed two possible reasons for the absence of free DNA. One possibility is that DNA was degraded 
by the nuclease in the cytosol, and the other is that the DNA was exported out of the cell. 
Figure 2. Confocal images from labeled pentablock copolymer and DNA in APRE-19 cells 3 h 
after transfection. Images on the left colored green represent DNA, center ones colored red 
represent pentablock copolymer, and the images on the right are the alignment of the other two 
images. Scale bar is 20 ~-tm. 
When focusing on cells 5 and 6, free DNA was localized around the cell membrane or close to 
the membrane, potentially awaiting transportation out of the cell. This feature was also found 
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commonly in the 10-h samples. When post-transfection time was extended to 21 has seen in 
Figure 3, the transfected cells exhibited an increased amount of DNA in the nuclei, either 
complexed or uncomplexed, as shown in cells 1, 2, and 3. 
Figure 3. Confocal images from labeled pentablock copolymer and DNA in APRE-19 cells 24 h 
after transfection. Images on the left colored green represent DNA, center ones colored red 
represent pentablock copolymer, and the images on the right are the alignment of the other two 
images. Scale bar is 20 Jlm. 
The major differences in trafficking ofpolyplexes between APRE-19 and SKOV3 cells could 
be found in the 3-h images in Figure 4. A large quantity of fairly good colocalization of green 
and red dots, especially in panel A, suggests that DNA was still effectively protected from deg-
radation in the well-maintained polyplexes. More importantly, polyplexes had localized into nuc-
lei in considerable numbers at 3 h after transfection, which is dramatically higher than the cases 
of all APRE-19 cell samples in test, and which might contribute to the differences in the trans-
fection efficacy of the pentablock copolymers between the two cell types. 
Figure 4. Confocal images from labeled pentablock copolymer and DNA in SKOV3 cells 3 h 
after transfection. Images on the left colored green represent DNA, center ones colored red 
represent pentablock copolymer, and the images on the right are the alignment of other two 
images. Scale bar is 20 Jlm. 
As SKOV3 cells proliferate faster than ARPE-19 cells, the higher transfection efficiency of 
SKOV3 cell line was hypothesized to result from its consequently facilitated nuclear uptake. The 
nuclear uptake of polyplexes appeared to be common in SKOV3 cells samples, even as early as 3 
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h after transfection. 
The SKOV3 samples for 10 and 24 h after transfection look similar to those of 3h, except for 
the less perfect colocalization and more free DNA in the nuclei, which is reasonable as the dis-
sociation can be expected to develop over time. However, relative to the rare colocalization at 
the same time points in ARPE-19 cells, the tight binding in SKOV3 cells implied a long-term 
protection provided by the pentablock copolymer. Although long-term protection might reduce 
the cytotoxicity as well as the loss of DNA, the relatively few DNA released for further trans-
cription and translation might present a potential bottleneck to gain higher gene expression. 
The intracellular DNA in ARPE-19 cells was much less than that in SKOV3 cells, which may 
be directly caused by the less effective cellular uptake, or probably due to the degradation of 
DNA by the nuclease in lysosome or cytoplasm, or due to the exocytosis of DNA. Consequently, 
the limited amount of DNA available in cytoplasm further inhibited the nuclear transport. In the 
SKOV3 images, the polyplexes were dominant in the cytoplasm, especially at 3 h, indicating that 
almost all the intracellular pentablock copolymers were complexed with DNA when entering 
into cells. Since the amount of pentablock copolymer in SKOV3 and ARPE-19 cells have not 
been very different, the less powerful cellular uptake may just partially explain the small quantity 
of DNA in ARPE-19 cells. 
4. Conclusion 
In summary, we have reported an interesting finding that pentablock copolymer-mediated 
transfection was significantly higher in the cancerous SKOV3 cell line compared to the non-
cancerous APRE-19 and 3T3 cell lines, which implies that they may possess natural transfection 
selectivity for specific cell types. Through confocal microscopy-based trafficking studies, the 
reason was the faster proliferation rate of SKOV3 cells and the more formidable intracellular 
barriers of APRE-19 cells. Since primary cells typically have even slower proliferation rates than 
most cell lines, the pentablock copolymer is expected to have a better selectivity between carcin-
oma and primary normal cells, thereby providing an excellent vector for cancer therapies. 
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Effect of agitation, added solids, and reductant concentration on biological 
methane production in coal slurries 
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Abstract 
Tests were made to determine the effects of agitation speeds, sand and clay addition, and 
sulfide and cysteine concentrations on methane production from coal, yeast extract, and cysteine 
in a chemically defined acetate~free medium. The consortium was enriched from a Powder River 
Basin well water sample using Wyodak sub-bituminous B coal as the primary carbon source. 
The results show that without agitation, methane production was 20% and 44.4% greater than 
like cultures agitated at 50 and 100 rpm, respectively. Agitation enhanced coal dissolution and 
provides for the mixing of other nutrients, but may hinder the formation of microbial biofilms on 
the coal surfaces. In separate experiments, methane production increased in proportion to the 
concentration of cysteine reductant in the culture medium. This suggests that cysteine is also 
used as a carbon substrate in methanogenesis. The optimal concentration of sulfide reductant in 
both coal and no-coal systems was 0.38 mM. The presence of coal in the cultures may reduce the 
inhibitory nature of sulfide at concentrations greater than 0.38 mM. 
Introduction 
The limited supply and increased in demand for natural gas in the U.S. has led to an increase 
in coalbed methane exploration and development in the Powder River Basin (PRB) of northeast-
ern Wyoming and southeastern Montana. Previous studies have demonstrated that viable meth-
anogenic microorganisms are present in these coal seams and are capable of producing methane 
using coal as the primary carbon source (1, 2). This suggests the potential for renewable methane 
from existing coal seams. 
For most microbial cultures, the growth rate can be limited by the rate at which the microorg-
anisms access the available nutrients in the system. Without some type of agitation or mixing, 
the microorganisms will eventually consume all of the available nutrients in the immediate sur-
roundings. For methane production in anaerobic digesters, such mixing is required to suspend 
organic matter in the reactor; however, intense mixing may inhibit the growth of bacteria due to 
shear stress on cells (3). Mixing may be especially important for cultures utilizing solid sub-
strates such as coal, as it enhances the mass transfer of substrate from the solid to microbes sus-
pended in aqueous solution. Alternatively, mixing may prevent or disrupt biofilms growth on the 
solid surfaces; when hydrolytic enzymes are cell-associated, they cannot act on solid substrates 
without direct cell attachment (4). In the case of cellulose-utilizing bacteria, cells are distributed 
in both the liquid phase and on the cellulose surface; however, most anaerobic cellulolytic bac-
teria grow optimally when directly attached to the substrate surface (4). 
When culturing methanogens or methanogenic consortia in the laboratory, sulfide and cys-
teine reductants are added to maintain redox potentials below -300 mV. Although cysteine im-
proves the shelf life of sulfide-reducing solutions and may be used as a sulfur source for growth 
(7), it may also serve as a carbon source for methane production by methanogenic consortia. If 
cysteine is converted to methane, it becomes more difficult to determine how much methane was 
derived from coal in cultures. Some methanogens require sulfide as a sulfur source for growth (5, 
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6). On the other hand, higher sulfide levels may be toxic to other members of a methanogenic 
consortium (7); as such, an optimal sulfide concentration for methanogenesis needs to be exper-
imentally determined. 
The Biological Process of Methanogenesis 
The complete anaerobic degradation of complex organic substrates like coal is a complex 
process involving a number of steps and microorganisms with different metabolic traits. A 
simple schematic (Figure 1) modified from Zinder (8) and Gilcrease (9) illustrates the synergistic 
relationship between various groups of microorganisms involved in microbial methanogenesis. 
Complex Organic Material 
(protein, polysaccharides, etc.) 
1 
, 
Mono- and Oligomers 
(amino acids, sugars, peptides) 
2 2 2 
, 
Intermediary Products 
(alcohols, fatty acids, 
lactate, etc.) 
3 3 
,, ,, , 
I H;; +CO;; 
I 4 .I Acetate I I I 
5 6 
y CH4 +CO;; ~ 
Figure 1: Modified pathway for anaerobic degradation of complex organic material to methane 
and carbon dioxide. 1) Hydrolytic bacteria; 2) fermentative bacteria; 3) syntrophic hydrogen-pro-
ducing bacteria; 4) hydrogen-utilizing acetogenic bacteria; 5), 6) methanogenic bacteria (8, 9). 
In the first step, polymers such as lipids, proteins, and polysaccharides are converted to 
monomers through hydrolysis. This degradation is performed by the action of extracellular 
enzymes produced by hydrolytic and fermentative bacteria such as Clostridium, Peptococcus, 
Baccilus, and Vibrio species (3, 10). The amino acids, sugar, and peptide monomers are then 
fermented to volatile fatty acids, alcohols, hydrogen, carbon dioxide, and acetate by fermentative 
bacteria. In the third step, syntrophic H2-producing acetogenic bacteria produce acetate, hydro-
gen and carbon dioxide. This step is endergonic under standard conditions and can only be 
performed if these organisms are operating in syntrophic relationship with hydrogenotrophic 
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methanogens (3). Acetate can also be formed from hydrogen and carbon dioxide through the 
activity of hydrogen-utilizing acetogenic bacteria. Methanogenesis is the last step in the process, 
and there are two main pathways for methane production. Once involves the acetoclastic meth-
anogens, which use acetate as the substrate, where as the hydrogenotrophic methanogens convert 
hydrogen and carbon dioxide to methane (3, 11). 
The current research focused on the role of agitation, sodium sulfide, L-cysteine, and added 
clay/sand solids on coal methanogenesis in laboratory cultures. 
Materials and Methods 
Growth media and conditions 
The anaerobic culture tubes contained the following: 10 mL distilled water, 10 mLIL vitamin 
solution, 10 mLIL mineral solution, 5 mUL trace metal solution, 2 giL TES buffer, 2 giL sodium 
bicarbonate, and 200 f!L/L resazurin indicator. The medium was adjusted with 6 M HCl until the 
final pH after autoclaving was 7.5. The tubes were pressurized to 5 psig with nitrogen gas. Det-
ails of the medium composition and anaerobic techniques used can be found in Green et al. (1). 
For culture containing coal, sub-bituminous B Wyodak, was used as the primary carbon source. 
This coal was obtained in 2007 from the Department of Energy Coal Sample Bank at Pennsyl-
vania State University (sample code DECS-26), where it has been stored and shipped under an 
argon atmosphere. A methanogenic consortium was enriched from a well water sample, located 
in Campbell County, Wyoming and tapped into the Fort Union Formation, and maintained in the 
laboratory at 30°C. Twenty milliliters of this consortium was transferred to 80 mL fresh medium 
every 4-6 weeks. All other experiments were inoculated from this maintenance culture. 
Analysis of gases 
Culture tube headspace gas samples were drawn using aseptic, anaerobic technique with 100 
f!L gas-locked syringe. Methane analysis was performed using a HP 6890 gas chromatograph, 
equipped with a Chrompack Carboplot P7 25m x 0.53 mm fused silica capillary column (HP 
Stock# 19095P-C02) and a thermal conductivity detector. The carrier gas, helium flow-rate was 
set at 5 mUmin, and split ratio of 4.5: 1. The injection port is maintained at 200°C, the oven 
temperature was 105°C, and the TCD was at 250°C. The retention time for the methane peak 
was 2.4 min. Calibration standards consisting of 1%, 4%, and 10% (Matheson Tri-Gas) were 
injected at atmosphere pressure to generate the calibration plot. 
Clay and sand 
For cultures containing clay, 0.25 g attapulgus clay 30-60 mesh, was added as an additional solid 
surface. This clay was obtained from Forcoven Products, Humble, Texas. The clay was stored in 
factory-sealed bags at room temperature prior to use. For cultures containing sand, Splash Club 
pool filter replacement sand was also used as an additional solid surface. This sand was obtained 
from General Form Plastics, Norfolk, VA. 
Results and Discussion 
Agitation results 
The rates of methane production from coal (supplemented with 0.05 giL yeast extract, 0.23 
mM cysteine, and 0.23 mM sodium sulfide) were tested at agitation speeds of 0, 50, and 100 rpm 
(Figure 2). Methane production levels without agitation (up to 300 h) were 20% and 44.4% high-
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er compared to cultures agitated at 50 and 100 rpm, respectively. One hypothesis is that without 
agitation, microbes can more easily attach to the coal surface, enhancing the uptake of key coal 
substrates. Agitation may hinder/prevent the formation of microbial biofilms on the coal surface, 
which may have led to less methane production ( 4 ). This was contrary to our expectations, as 
higher agitation levels provide better nutrient circulation in the bulk medium, which is necessary 
for the formation of cell biomass and methane production. While agitation will increase the rate 
of coal dissolution in an abiotic system, key hydrolyzing/fermentative bacteria with cell-assoc-
iated hydrolytic enzymes may require coal surface attachment. 
For no-coal control culture (Figure 3), it appears that agitation speed had no effect on meth-
ane production from yeast extract and cysteine through 447 h; however, these results are not 
conclusive because when the 0 rpm culture tubes were removed from the incubation shakers for 
sampling, the mixing needed to sustain methane production may have occurred. In other words, 
if the methane production process is slow enough, a brief mixing event may be sufficient to 
provide the necessary nutrients for the consortium. For a small anaerobic culture volume with no 
solid substrates, we would expect that agitation would have lesser effect on culture growth and 
concomitant methane production. 
Up to 297 h, methane production levels in the presence of coal for all three agitation speeds 
were higher compared to their corresponding no-coal controls (Figure 2 vs. Figure 3). This indic-
ates that there was some methane generated from coal. It is hypothesized that the small amount 
of methane generated from coal was due to insufficient coal-utilizing hydrolytic bacteria in the 
inoculum and competition for essential nutrients between cysteine/yeast extract hydrolytic bac-
teria and coal-utilizing hydrolytic bacteria. Alternatively, coal-utilizing bacteria may not utilize 
coal when more readily available substrates such as yeast extract are present. The drop in meth-
ane levels for the coal system at 0 rpm after 300 h may be due to a slow leak during gas sam-
pling. A separate tube-leak experiment indicated a leakage of only 1-2% methane from sealed 
culture tube over 625 h. 
Added sand/clay solids results 
In previous experiments, methane production started sooner in the presence of coal solids 
compared to no-coal controls, even though dissolved yeast extract was converted to methane in 
both cultures (data not shown). This led to the hypothesis that some member of the consortium 
may require a solid surface for growth, even if they are utilizing dissolved substrates. For this 
reason, sand or clay particles were added to coal and no-coal cultures. The cultures were incub-
ated at 100 rpm and 30°C with an initial pH of 7 .5. Up to 200 h, it is appears that the presence of 
coal/sand did not enhanced methane production from coal/yeast extract/cysteine (Figure 4). It 
was anticipated that sand might help grind the coal particles, enhancing the dissolution of key 
coal nutrients; however, this same grinding action may have prevented the formation of biofilms 
on the coal surface. After 447 h, methane production from the coal+ clay culture was 389% 
higher than observed in any other treatment (87 .3 SCF/ton compared to 17.8 SCF/ton). The 
methane levels in the coal only and no-coal control culture (Figure 4) were the same, as agitation 
may have prevented the biofilm formation necessary for coal utilization; therefore methane con-
version up to this hour is most likely from yeast extract and cysteine. The reason for enhanced 
methane production from the coal+clay system was probably due to organic compounds present 
in the clay that acted as an alternate carbon substrate. In a subsequent coal + clay experiment 
(Figure 5), the final methane levels for the coal + clay combination were the same as for the 
clay-only culture; indicating that all of the methane produced in the coal + clay system was from 
clay. For the experiment shown in Figure 5, no methane production was observed for the coal-
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Figure 2: Methane production from coal as a function of agitation speed at 30°C and initial pH 
7.5. Cultures tubes contained 0.25 g dried coal, 50 mg/L yeast extract, 0.23 mM of 23 mM of 
Na2S"9H20, 0.23 mM L-Cysteine·HCl, and 10 mL acetate-free media. Error bars represent 1 
standard deviation for triplicate samples. 
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Figure 3: No-coal controls for the experiment shown in Fig. 2. Methane production from yeast 
extract and cysteine as a function of agitation speed at 30°C and an initial pH of 7.5. Culture 
tubes contained 50 mg!L yeast extract, 0.23 mM of Na2S"9H20, 0.23 mM L-Cysteine·HCl, and 10 
mL acetate-free media. Error bars represent 1 standard deviation for triplicate samples. Coal 
(0.25 g) from Figure 3 is used as the basis for calculating SCF/ton values. 
only and no-coal culture; in this case yeast extract and cysteine were omitted from the culture 
medium. We would expect to see some methane production from coal, but we believe our 
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inoculum source lost the ability to utilize coal due to extended maintenance on yeast extract and 
cysteine substrates. 
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Figure 4: Methane production from coal, yeast extract, and cysteine at 30°C, 100 rpm, and an 
initial pH of 7.5. The ube contained a combination of 0.25 g coal, 0.25 g sand, 0.25 g clay, 50 
mg/L yeast extract, 0.38 mM of Na2S'9H20, 0.38 mM of L-cysteine'HCl, and 10 mL acetate-free 
media. Error bars represent 1 standard deviation for triplicate samples. 
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Figure 5: Methane production from coal and clay at 30°C, 100 rpm, and an initial pH of 6.4. The 
tube contained 0.25 g coal, 0.25 g clay, 0.76 mM of Na2S'9H20, no cysteine, no yeast extract, 
and 10 mL acetate-free media. Error bars represent 1 standard deviation for triplicate samples. 
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Effect of L-cysteine'HCl results 
Although cysteine does not serve as a direct carbon source for methanogens (12), it may 
serve as a substrate for fermentative bacteria and ultimately be converted to methane by a meth-
anogenic consortium. When trying to quantify the amount of biomethane produced from coal, it 
is important to know how much if any methane is derived from the cysteine reductant added; as 
such, cysteine levels were varied (0.23, 0.38, and 0.76 mM) in an experiment to see if methane 
levels were affected. Results are shown for cultures with and without coal present (Figure 6). For 
the coal cultures, methane levels at 367 h were 9.2, 16.5, and 34.1 SCF/ton for cysteine concen-
trations of 0.23, 0.38, and 0.76 mM, respectively. This represents a 272% increase in methane 
production for a 230% increase in cysteine concentration. The methane levels at 367 h for the 
no-coal system were 14.1, 16.5, and 32.7 SCF/ton, respectively. The methane production for the 
no-coal system at 0.76 mM cysteine was 132% higher compared to 0.23 mM. Up to 250 h, 
methane production was enhanced in the presence of coal, but at 367 h, there was essentially no 
difference between methane levels for the coal versus the no-coal cultures. Again, we would 
expect to see higher methane levels in the presence of coal due to microbial conversion of coal to 
methane; it is possible that our laboratory maintenance culture (sustained on coal, yeast extract, 
and cysteine) may have lost the ability to utilize coal for methane production. The estimated 
methane yield from yeast extract in these cultures is 16 SCF/ton, and 8.5 SCF/ton for 0.38 mM 
cysteine. Unlike coal, which is derived from lignin, cysteine and yeast extract are much easier to 
utilize by the consortium, and therefore an increase in cysteine concentration resulted in in-
creased methane production. 
Effect of Cysteine on Methane Production from Coal and Yeast Extract 
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Figure 6: Methane production from coal and yeast extract at three cysteine concentrations 
(30°C, 100 rpm, and an initial pH of 7.5). Sample tubes contained 0.23 mM Na2S'9H20, 50 mg/L 
yeast extract, 0.25 g dried weight coal, and 10 mL of acetate-free media. Error bars represent 1 
standard deviation for triplicate samples. 
Effect of sodium sulfide results 
According to Douglas, the growth rate of Methanosarcina barkeri in pure culture was ex-
tremely low when sulfide was omitted from the medium; growth was optimal at 1.25 mM, and 
the growth rate decreased at sulfide concentrations >12.5 mM (7). Even though methanogens use 
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sulfide as a sulfur source for growth, higher concentrations of sulfide (>12.5 mM) may be toxic 
to other members of the consortium. Therefore, this experiment was performed to determine 
whether the sulfide concentration given by Tanner (0.76 mM maximum) inhibits cell growth and 
methane production in our consortium. Three concentrations of sulfide in our reducing solution 
(which included 0.23 mM cysteine) were tested: 0.23 mM, 0.38 mM, and 0.76 mM. 
At 367 h in the presence of coal (Figure 7), the methane levels for sulfide concentrations of 
0.23 mM, 0.38 mM, and 0.76 mM were 9.4, 12.7, and 16.4 SCF/ton, respectively. It appears that 
higher sulfide concentrations lead to higher methane production in the presence of coal. At 250 
h, the methane production for 0.38 mM sulfide was 35% higher compared to 0.23 mM sulfide, 
but similar to 0.76 mM sulfide. From these results, it appears that increasing the sulfide concen-
tration from 0.23 mM to 0.76 mM actually enhanced methane production in the presence of coal; 
the redox potential may be more favorable, or the sulfide may serve as an important sulfur source 
for enhanced cell growth and methanogenesis. 
For the no-coal system (Figure 7), the methane levels at 367 h for 0.23 mM, 0.38 mM, and 
0.76 mM sulfide were 14.1, 18.5, and 11.9 SCF/ton, respectively. The optimal level of sulfide for 
the no-coal system was 0.38 mM, which yielded 1.5 times the methane observed for 0.76 mM 
sulfide. The reason for this could be that at 0.23 mM, there was not enough sulfide present for 
cell growth and/or to sufficiently lower the redox potential. However, 0.76 mM sulfide may be 
inhibitory to cell growth/methane production. This suggests that the presence of coal may reduce 
the inhibitory nature of sulfide. Since the final methane levels (367 h) for the no-coal cultures 
were higher than in the presence of coal, it is difficult to discern whether any methane was der-
ived from coal in this experiment. 
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Figure 7: Methane production from coal, yeast extract and cysteine at three Na2s·9H20 
concentrations (30°C, 100 rpm, and an initial pH of 7.5). Sample tubes contained 0.23 mM L-
cysteine"HCl, 50 mg/L yeast extract, and 10 mL of acetate-free medium. Error bar represent 1 
standard deviation for triplicate samples. 
Conclusion 
The results of the agitation experiment suggest that agitation prevented the formation of microb-
ial biofilms on the coal surface, which led to decreased methane production. The addition of sand 
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to the system did not enhance methane production from coal, yeast extract, and cysteine. The 
results of the coal + clay system suggest that the clay contained organic compounds that were 
used as an additional carbon substrate for methane production. Although adding cysteine to sod-
ium sulfide improves the stability of the reducing solution, and yeast extract allows the consort-
ium to grow faster, methane production from cysteine and yeast extract make it difficult to dis-
cern how much if any of the methane is derived from coal, especially when the no-coal methane 
levels are higher than in the coal cultures. For future experiments, it is recommended to omit 
both cysteine and yeast extract from the medium (to ensure any observed methane production is 
from coal). Previous experiments with this consortium have clearly shown biomethane derived 
from coal (above and beyond what was expected from the yeast extract and cysteine present 
(0.76 mM)) (1). Due the continued maintenance of our culture with yeast extract and cysteine, 
our consortium may have lost the ability to utilize coal by itself. 
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Abstract 
The valuable antineoplastic alkaloids vincristine and vinblastine extracted from Catharan-
thus roseus have seen significant research effort towards increasing their production. Extensive 
work has shed light on the complex biosynthetic pathways and the strict multilevel regulation 
that controls metabolite levels and flux. Several enzymes in the later part of the pathway are also 
light-dependent and may be up- or down-regulated with light exposure. All of this complexity 
results in a challenging model for plant metabolic engineering. This work characterizes metabol-
ic engineering efforts of the terpenoid indole alkaloid biosynthesis pathway within hairy root 
cultures of C. roseus at three locations: the indole alkaloid pathway entrance, the non-mevalon-
ate/terpenoid alkaloid pathway entrance, and in the terpenoid indole alkaloid (TIA) pathway. The 
gene overexpression is controlled under a glucocorticoid-inducible promoter system and charac-
terization is performed with metabolite measurements made 72 h after gene induction. The trans-
genic lines were also light-adapted to investigate light-mediated regulation of the biosynthesis 
pathways. Results from this study reveal the levels of regulation in TIA synthesis and will guide 
further efforts in metabolic engineering. 
Introduction 
Plants produce a wide variety of secondary metabolites for purposes as varied as defense and 
reproduction. Many of these diverse compounds are of interest given their bioactivities, especial-
ly pharmacological activity. However problems lie in that secondary metabolites are generally 
produced in very small quantities ( <1% DW) and many of these compounds are also too structur-
ally complex to be chemically synthesized. 
Extracts of Catharanthus roseus yield a wealth of chemical components, including terpenoid 
indole alkaloids (TIAs). Two of these components are the valuable anticancer alkaloids, 
vincristine and vinblastine. Other alkaloids yielded from root extracts such as ajmalicine and 
serpentine are used as anti-hypertensives [1]. 
C. roseus has long been a target of researchers trying to increase the production of its TIAs. 
The alkaloid biosynthesis pathway in C. roseus is very complex and produces approximately 130 
different alkaloids [2]. Biosynthetic reactions producing vincristine occur in five different sub-
cellular compartments and three different cell types [3] and requires the participation of at least 
35 intermediates and 30 enzymes [2]. Not all of the enzymes in the pathway are known [4] and 
because of this, expression in bacterial and yeast systems cannot be used for full biosynthesis. 
Straight chemical synthesis is not possible given the chemical structure complexity and stereo-
chemistry [ 4] (Fig. 1 ). These biosynthetic complexities along with strict regulatory control make 
engineering the TIA pathway challenging. 
Although hairy root cultures of C. roseus do not produce vincristine and vinblastine, as these 
compounds are produced in the leaves, and the levels of alkaloids produced cannot economically 
compete with field-grown plants [5], hairy root cultures provide a good environment for the 
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investigation of metabolism, biosynthetic enzymes, control signaling, pathway bottlenecks. This 
knowledge aids in metabolic engineering where enzymes are specifically targeted for transgenic 
overexpression to result in higher yields. 
TIAs are formed from the coalescence of the indole and terpenoid pathways (Fig. 2). Diffi-
culty in engineering the indole pathway lies with the anthranilate synthase (AS) enzyme, a tetra-
mer consisting of two a-subunits and two ~-subunits, that is feedback-sensitive to both trypto-
phan and tryptamine. In an effort to engineer increased alkaloid production, a hairy root line 
using the expression of a feedback-resistant ASa subunit from Arabidopsis under the glucocorti-
coid-inducible promoter system along with the expression of an AS~ subunit from Arabidopsis 
under the control of the constitutive CaMV 35S promoter [6]. This line demonstrated significant 
increases in the levels of tryptophan and tryptamine along with decreased lochnericine, horham-
mericine, and tabersonine. The line also showed transient levels of TIAs in the 4 to 72-h time 
period after induction in the late exponential growth phase. The levels of some alkaloids were 
shown not to change for up to 12 hours after induction indicating that changes in metabolism are 
not instantaneous (6]. 
Efforts to increase flux through the terpenoid pathway via 1-deoxy-D-xylulose 5-phosphate 
synthase (DXS), the first step towards terpenoid production, with DXS under the glucocorticoid-
inducible promoter system, were also met with strict regulation, preventing significant increases 
in TIA levels [7]. In the DXS line, light proved to have a greater influence on metabolite levels 
than the induction of the enzyme, although the influence of light did not always lead to desired 
changes. 
Another effort to increase TIA levels was through the TIA enzyme, tabersonine 16-hydroxyl-
ase (T16H), under the glucocorticoid-inducible promoter system [7]. The T16H line shows 
increases in TIAs under induction and light with induction. 
We investigate the effect of light in this study because several of the enzymes involved in 
vindoline biosynthesis have shown light-dependency. Tabersonine 16-hydroxylase (T16H), 2,3-
dihydro-3-hydroxytabersonine-N-methyltransferase (NMT), desacetoxyvindoline 4-hydroxylase 
(D4H), and deacetylvindoline acetyltransferase (DAT) have been shown to be light-activated. 
T16H and DAT are transcriptionally regulated. D4H is under several levels of developmental 
and light-mediated regulation, as reviewed in [8, 9]. 
Materials and Methods 
Culture Conditions 
Hairy root cultures were grown in filter-sterilized (0.22-!!m filter, Nalgene) media containing 
30 gil sucrose (MP Biomedicals, Inc), half-strength Gamborg's B5 salts (Sigma), and full-
strength Gamborg's vitamins (Sigma) with the pH adjusted to 5.7. Hairy root cultures are started 
with five, 5-cm long root tips in 50 ml of culture media in a 250-ml Erlenmeyer flask. The flask 
was stoppered with a foam plug (Jaece Industries). Dark-grown cultures were maintained in 
incubator shakers at 26°C and 100 rpm. Light-grown cultures were subjected to 24-h fluorescent 
light. The hairy root cultures were subcultured at intervals of 14, 21, or 28 days depending on the 
growth characteristics of the hairy root line. Subculturing was performed by cutting five root tips 
from a mature culture and transferring them to 50 ml of fresh media. 
Induction ofCatharanthus roseus Hairy Root Lines 
The volume of the remaining culture media was measured by drawing the media up into a 
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50-ml pipet. The average media volume of the cultures to be induced was calculated. Based on 
this average, the appropriate amount of a 5 mM dexamethasone stock in ethanol was added to the 
cultures. An equal amount of ethanol was added to the uninduced controls. The EHIDXS-4-1 and 
EHIT16H-34-llines are induced with 3!-!M dexamethasone. The ASa~lline is induced with 
0.2!-!M dexamethasone, which is an 80% induction as compared to 3!-!M dexamethasone [10, 11]. 
This is done to reduce browning. 
Catharanthus roseus Hairy Root Lines 
The generation of the ASa~lline has been previously described [12]. This hairy root line 
expresses a feedback-resistant anthranilate synthase a subunit (ASa) from Arabidopsis under the 
control of a glucocorticoid-inducible promoter and an anthranilate synthase ~subunit (AS~) 
from Arabidopsis under the control of the constitutive CaMV 35S promoter [6]. 
The generation of the EHIDXS-4-1 line has been previously described [7]. This hairy root 
line expresses 1-deoxy-D-xylulose 5-phosphate synthase (DXS) from Arabidopsis under the 
control of a glucocorticoid-inducible promoter. 
The generation of the EHIT16H-34-lline has been previously described [7]. This hairy root 
line expresses tabersonine 16-hydroxylase (T16H) under the control of a glucocorticoid-
inducible promoter. 
Harvesting Hairy Root Cultures 
To determine the fresh weight of the hairy root cultures, the hairy roots were removed from 
the shake flasks and rinsed with deionized water. They were then blotted with low-lint tissues 
(Kimberly-Clark) to remove excess moisture, placed into tared 50-ml centrifuge tubes (Coming), 
and weighed. The tubes were then frozen at -80°C. Dry weight was determined after freeze 
drying. Tissue was ground to a fine powder using a mortar and pestle. 
Alkaloid Extraction 
About 50 mg of freeze-dried and ground hairy roots were added to a 50-rnl centrifuge tube 
and extracted with 10 ml of methanol using a sonicating probe for 10 min while held on ice. The 
extracts were centrifuged at 4000 rpm for 12 min at 15°C. The supernatant was removed and the 
biomass was extracted one more time in the same manner. The combined supernatants were 
passed through a 0.45-~m nylon filter (25 mm, PJ Colbert), dried on a nitrogen evaporator 
(Organomation), reconstituted in 2 ml of methanol, and passed through a 0.22-mm nylon filter 
(13 mm, PJ Colbert) for HPLC analysis. Extracts were stored at -25°C. 
HPLC Analysis of Alkaloids 
Twenty microliters of the alkaloid extract was injected into a Phenomenex Luna® C18(2) 
HPLC column (250 x 4.6 mm) using two solvent systems. The HPLC system used was a Waters 
HPLC system consisting of two 510 pumps, a 717plus Autosampler, and a 996 Photo Diode 
Array (PDA) detector. To detect tryptophan and tryptamine, UV detection at 218 nm was used 
[13, 14]. Quantification was performed by comparison to standard curves. For the first 12 min, a 
15:85 mixture of MeCN: 100 mM phosphoric acid (pH 2) was maintained at a flow rate of 1 
ml/min. The column was then washed by ramping to an 85:15 mixture over 15 min. The flow 
was then returned to 15:85 and allowed tore-equilibrate. 
To detect terpenoid indole alkaloids another solvent system was used. Data extracted at 254 
nm were used to quantify ajmalicine, serpentine, catharanthine, and vindoline using standard 
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curves. Data extracted at 329 nm were used to quantify tabersonine, horhammericine, and loch-
nericine using retention time standards, LC-MS, and a comparison to a tabersonine standard 
curve [14, 15]. The protocol was adapted to accommodate a larger column diameter [16]. For the 
first 5 min, at a flow rate of 1 ml/min, the mobile phase was a 30:70 mixture of acetonitrile 
(MeCN): 100 mM ammonium acetate (pH 7.3). The mobile phase was linearly ramped to 64:36 
over the next 10 min and maintained at that ratio for 15 min. The flow rate was increased to 1.4 
ml/min over 5 min. The ratio was then increased to 80:20 during the next 5 min and maintained 
for 15 min. The flow rate and mobile phase ratio were then returned to 1 mllmin and 30:70 and 
the column re-equilibrated. Analysis was performed with Empower Pro software (Waters). 
Results 
Effect of light adaptation in the ASafJJ hairy root line 
The hairy root culture overexpressing AS~ and with inducible expression of ASa was adap-
ted to a 24-h photoperiod. The light-adapted ASa~1 (LtASa~l) line had been grown under con-
stant light (24-36 ~-tmol m-2 s-1) for nine culture cycles at the time of the experiment. Comparing 
metabolite levels in the uninduced LtASa~1 cultures to uninduced dark-grown ASa~1 (unin-
duced AS a~ 1) cultures 72 h after receiving an ethanol control shows a shift from tryptamine to 
tryptophan in the indole pool, accounting for no overall change (Fig. 3a). There were increases in 
both corynanthe alkaloids, ajmalicine and serpentine, and no change with catharanthine. Hor-
hammericine showed some increase but that is offset by significant decreases in tabersonine and 
lochnericine, resulting in a decrease in the pool of these three aspidosperma metabolites and an 
overall decrease in TIA levels. 
Effect of overexpression of AS{Jwith induced overexpression of AS a 
The AS a~ 1 hairy root culture overexpressing AS~ and with inducible expression of AS a 
was induced with 0.2 ~-tM dexamethasone. Metabolites were measured 72 h after induction with 
dexamethasone or a control volume of ethanol. The induced AS a~ 1 cultures compared to the 
uninduced AS a~ 1 cultures had very significant increases in tryptophan and tryptamine of 86.6-
and 8.1-fold, respectively (Fig. 3b). There was a 29.4-fold increase in the indole pool. Ajmalicine 
and serpentine both increased. with the corynanthe pool increasing 1.4-fold. However, the rest of 
the metabolites declined. Catharanthine decreased and the aspidosperma pool had a 11.1-fold 
decrease that includes a very large 48.9-fold decrease in tabersonine level, down to 11 ~-tg/g dry 
weight (DW). Despite the large increases in the indole pool, it did not translate down the path-
way, and the overall the TIA pool decreased 2.2-fold. 
Effect of overexpression of ASfJ with induced overexpression of AS a and light-adapted growth 
The LtASa~ 1 hairy root culture overexpressing AS~ and with inducible expression of AS a 
was induced with 0.2~-tM dexamethasone. Metabolites were measured 72 h after induction with 
dexamethasone or a control volume of ethanol. The induced LtASa~ 1 cultures compared to the 
uninduced LtASa~ 1 cultures had very significant increases in tryptophan and tryptamine of 
20.0- and 17.2-fold, respectively (Fig. 3c). Ajmalicine and serpentine both increased, with the 
corynanthe pool increasing 1.3-fold as did catharanthine by 1.4-fold. There was a substantial 
decrease in the aspidosperma pool of 4.4-fold, with tabersonine decreasing 22.7-fold down to 2.0 
~gig DW. As a whole, the measured TIA pool had a slight decrease of 1.1-fold. 
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Effect of light adaptation in the DXS hairy root line 
The hairy root culture with inducible expression of DXS was adapted to a 24-h photoperiod. 
The light-grown EHIDXS-4-1 (LtDXS) line had been grown in the light (24-36 ~mol m- s-1) for 
14 culture cycles at the time of the experiment. Tryptophan and tryptamine were only found in 
very small quantities. Comparing metabolite levels in the uninduced LtDXS cultures to unin-
duced dark-grown EHIDXS-4-1 (uninduced DXS) cultures 72 h after receiving an ethanol con-
trol shows an increase in the corynanthe pool (Fig. 4a). However, all other measured alkaloids 
decreased substantially. Lochnericine levels decreased from 648 ~g/g DW to 112 ~g/g DW. The 
result was a 1.5-fold overall decrease of measured TIAs. 
Effect of induced overexpression of DXS 
The DXS hairy root culture with inducible expression of DXS was fully induced with 3 ~M 
dexamethasone. Metabolites were measured 72 h after induction with dexamethasone or a con-
trol volume of ethanol. Tryptophan and tryptamine were only found in very small quantities. The 
induced DXS cultures compared to the uninduced DXS cultures showed increase in ajmalicine 
from 893 ~g/g DW to 1489 ~g/g DW along with a smaller increase in serpentine (Fig. 4b). Cat-
haranthine showed a small increase. The increase in lochnericine was offset by significant de-
creases in tabersonine and horhammericine resulting in a 1.2-fold decrease in the aspidosperma 
pool. Overall, there was a small 1.1-fold increase in TIAs measured. 
Effect of induced overexpression of DXS and light-adapted growth 
The LtDXS hairy root culture with inducible expression of DXS was fully induced with 3 
~M dexamethasone. Metabolites were measured 72 h after induction with dexamethasone or a 
control volume of ethanol. The induced LtDXS cultures compared to the uninduced LtDXS 
cultures had small increases in ajmalicine, serpentine, and catharanthine (Fig. 4c ). An increase in 
lochnericine was offset by a decrease in horhammericine, resulting in no change for the aspido-
sperma pool. Overall, there was a small 1.1-fold increase in TIAs measured. 
Effect of light adaptation in the T16H hairy root line 
The T16H hairy root culture with inducible expression ofT16H was adapted to a 24-h photo-
period. The light-grown EHIT16H-34-1 (LtT16H) line had been grown in light (24-36 ~mol m-2 
s-
1) for five culture cycles at the time of the experiment. Tryptophan and tryptamine were only 
found in very small quantities. Comparing metabolite levels in the uninduced LtT16H cultures to 
uninduced dark-grown EHIT16H-34-1 (uninduced T16H) cultures 72 h after receiving an ethan-
ol control shows that tabersonine was the only TIA to increase (Fig. 5a). All other measured 
metabolites decreased somewhat, especially catharanthine, which decreased from 240 ~gig DW 
to 12.4 ~g/g DW. Overall there was a twofold decrease in TIAs. 
Effect of induced overexpression ofTJ6H 
The T16H hairy root culture with inducible expression of T16H was fully induced with 3 ~M 
dexamethasone. Metabolites were measured 72 h after induction with dexamethasone or a con-
trol volume of ethanol. Tryptophan and tryptamine were only found in very small quantities. The 
induced T16H cultures compared to the uninduced T16H cultures showed increases in ajmalicine 
and serpentine (Fig. 5b). Catharanthine showed no change. The decrease in lochnericine was off-
set by increases in tabersonine and horhammericine, resulting in no change in the aspidosperma 
pool. Overall, there was a small 1.1-fold increase in TIAs measured. 
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Effect of induced overexpression ofT16H and light-adapted growth 
The LtT16H hairy root culture with inducible expression ofT16H was fully induced with 3 
!!M dexamethasone. Metabolites were measured 72 h after induction with dexamethasone or a 
control volume of ethanol. The induced LtT16H cultures compared to the uninduced LtT16H 
cultures had a small increase in ajmalicine that is offset by a decrease in serpentine, resulting in 
no change for the corynanthe pool (Fig. 5c). Catharanthine increased, as did tabersonine and 
lochnericine. Horhammericine decreased 1.9-fold from 275 !!gig DW to 148 !!g/g DW. There 
was a 1.8-fold increase in the aspidosperma pool. Overall, there was a small 1.4-fold increase in 
TIAs measured. 
Discussion 
Effect of light adaptation 
The effect of lighted growth on alkaloid levels was investigated because several TIA genes 
leading to vindoline synthesis have light-mediated regulation. Overall, light adaptation of the 
hairy root cultures had a negative effect on the levels of alkaloids measured. The uninduced 
LtASa.~ 1 line had shift from tryptamine to tryptophan, with no change to the indole alkaloid 
pool, compared to the uninduced ASa.~1 cultures. The uninduced LtDXS and LtT16H lines both 
had only very small levels of tryptophan and tryptamine. The uninduced LtASa.~ 1 and LtDXS 
lines showed increased levels of both ajmalicine and serpentine, similar to Bhadra el al. ( 1998) 
where the wild-type C. rose us hairy root line LBE-6-1 was adapted to a 12-h photoperiod [ 17, 
18]. The uninduced LtT16H line had a substantial decrease in both these alkaloids. The aspido-
sperma pool levels were decreased in all three cases investigated here. If one of the alkaloids had 
an increase, it was significantly outweighed by the decrease of the other two. This was also 
similar to Bhadra el al. (1998) where there was a decrease in tabersonine and lochnericine levels 
and no change in horhammericine levels [17]. Catharanthine varied from no change in LtASa.~ 
to a very large decrease in the LtT 16H line. 
Overall, light adaptation of these lines has negative consequences for alkaloid levels, with the 
exception of ajmalicine and serpentine. However, the decreases in the aspidosperma alkaloids 
may indicate a metabolite flux towards to vindoline or other alkaloids pools. Dark-grown C. 
roseus seedlings accumulate tabersonine whereas in seedlings transferred to a lighted environ-
ment after germination will direct tabersonine towards vindoline synthesis [19]. 
Effect of gene induction 
The three C. roseus hairy root lines examined here have been metabolically engineered in 
effort to focus carbon flux towards the TIAs of interest. The AS a.~ 1 line is engineered to direct 
carbon flux through the indole pathway. Initial studies of this line demonstrated large increases 
in tryptophan and tryptamine upon induction [6]. This is also seen here but at twofold higher 
levels than previously reported. This is a result of the metabolite profile stabilizing over time 
[20]. Even though some of the metabolite levels have changed, the relative changes to metabolite 
levels made by the induction of the AS a. gene are very similar. The very high amount of the 
indole alkaloids does not direct carbon towards the later parts of the pathway. Beside the increase 
in the corynanthe alkaloids, the rest of the TIAs are dramatically reduced. 
The DXS line is engineered to direct carbon flux through the non-mevalonate pathway 
towards terpenoid synthesis. Precursor feeding studies on LBE-6-1 and AS a~ 1 show increases in 
tabersonine and lochnericine, demonstrating the non-mevalonate and terpenoid pathways have 
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possible bottlenecks for TIA production [ 11, 21]. The induction of D XS increases levels of 
ajmalicine, serpentine, and catharanthine. Lochnericine increased but was offset by decreases in 
horhammericine and tabersonine levels. This is similar to what was previously reported with 
DXS induction [7] but contrary to the precursor feeding studies [11, 21]. 
The T16H line is engineered to direct carbon flux towards vindoline synthesis. Induction of 
T 16H causes a small increase in the corynanthe alkaloids and no change in catharanthine levels 
or the aspidosperma pool. These results are contrary to the previously reported data, showing a 
significant decrease in aspidosperma alkaloids upon induction [7]. Perhaps the change in the 
metabolite level response is due to the metabolite profile stabilizing over time [20]. 
There is a wide range of response seen from the metabolic engineering efforts presented here. 
The engineering of the indole pathway causes the accumulation of large amounts of indoles, but 
depletes the lower TIA biosynthetic pathway of metabolites. The engineering of the non-meval-
onate pathway demonstrates increases in the upper TIA pathway, with only small decreases to 
the lower pathway. The engineering of the lower biosynthetic pathway generally produced no 
significant changes to metabolite levels. 
Effect of gene induction and light-adapted growth 
The induced LtASa~ 1 cultures performed similarly to the induced AS a~ 1 cultures, but with 
a less substantial but still significant increase in tryptophan and tryptamine. The induced 
LtASa~ 1 cultures compared to the uninduced LtASa~ 1 cultures had an increase in corynanthe 
alkaloids and a large decrease in aspidosperma alkaloids, similar to the dark-grown, induced 
cultures. One change is the increase in catharanthine levels compared to the decrease seen in the 
dark-grown, induced cultures. 
The induced LtDXS cultures compared to the uninduced LtDXS cultures performed similarly 
to the induced DXS cultures compared to the uninduced DXS cultures. The TIA level increased 
for the corynanthe and catharanthine pools and was even for the aspidosperma pool. This is the 
same as the DXS cultures except for tabersonine. Although the general changes that occur upon 
gene induction were similar for the LtDXS and DXS, the induced DXS cultures generally had 
higher levels of metabolites compared to induced LtDXS cultures. 
The induced LtT 16H cultures compared to uninduced LtT 16H cultures showed no change in 
the corynanthe pool. Increases are seen in catharanthine and the aspidosperma pool. These 
increases upon induction are countered by the significantly reduced levels of TIAs in the LtT16H 
compared to T 16H. 
Conclusions 
This work investigates the use of light adaptation, gene overexpression, and the combination 
of the two to see if alkaloid profiles of C. roseus hairy roots can be altered in a significant 
manner. The changes we are looking for are to use the combination of induced genes and light-
adapted growth to help carbon flux through the pathway towards our alkaloids of interest. 
However, any changes we can make to the balance or level of metabolite pools can increase our 
knowledge of this complex pathway. The multiple levels of regulation that occur in the C. roseus 
system are of great hindrance in making substantial changes. Many times the alterations only 
cause the metabolites to shift within their respective alkaloid pools and find a new balance point. 
Changes in one alkaloid may cause changes in alkaloids several steps above or below in the 
biosynthesis pathway. The reduction of alkaloids with light adaptation or with gene induction 
could partially be explained by metabolites moving down the pathway towards vindoline, 
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however the large reduction of TIAs seen in certain examples shown here point more toward 
layers of regulation preventing the accumulation of these terpenoid indole alkaloids. 
The knowledge of the topography of the TIA biosynthetic pathway gained here will be used 
in metabolically engineering C. roseus hairy roots lines with multiple genes under induced 
control. 
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Figure 1. The chemical structure of vincristine (Figure source: [22, 23, 24]). 
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Figure 2. Biosynthesis ofterpenoid indole alkaloids in Catharanthus roseus. DXS, 1-deoxy-D-xylulose 5-phosphate 
synthase; DXR, 1-deoxy-D-xylulose 5-phosphate reductoisomerase; GPPS, geranyl pyrophosphate synthase; GlOH, 
geraniol tO-hydroxylase; AS, anthranilate synthase; TDC, tryptophan decarboxylase; STR, strictosidine synthase; 
SGD, strictosidine ~-D-glucosidase; T16H, tabersonine 16-hydroxylase; D4H, desacetoxyvindoline 4-hydroxylase; 
DAT, deacetylvindoline acetyltransferase. (Figure source: [6]). 
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Figure 3. Effects of lighted growth and gene induction in ASa~. (a) Comparison of 
light-grown, uninduced cultures to dark-grown, uninduced cultures. (b) Comparison of 
dark-grown, induced cultures to dark-grown, uninduced cultures. (c) Comparison of 
light-grown, induced cultures to light-grown, uninduced cultures. 
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Figure 4. Effects of lighted growth and gene induction in DXS. (a) Comparison of light-
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grown, induced cultures to dark-grown, uninduced cultures. (c) Comparison of light-
grown, induced cultures to light-grown, uninduced cultures. 
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Figure 5. Effects of lighted growth and gene induction in T16H. (a) Comparison of 
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51 
Amphiphilic polyanhydride chemistry affects monocytic association of 
nanospheres 
Bret D. Ulery, 1 Kevin Pustulka, 1 Yashdeep Phanse,2 Bryan Bellaire,2 and Balaji Narasimhan 1 
Departments of 1Chemical and Biological Engineering and 2Veterinary Microbiology and 
Preventative Medicine, Iowa State University, Ames, Iowa, 50011 
Introduction 
Sustained medicinal delivery by degradable polymers has been studied for nearly three dec-
ades (1). Research has mainly focused on two familes of polymers, polyesters and polyanhy-
drides, which hold great promise for biomedical applications because of their biocompatible and 
bioresorbable properties (2). FDA approval of polyesters (3), like poly(lactic-co-glycolic acid) 
(PLGA), for multiple uses has greatly increased their use in in vivo applications, but they possess 
characteristics that can affect the stability of encapsulated proteins. Bulk-eroding polyester-based 
delivery systems exhibit low pH microenvironments (4-6), rapidly release their payload (7,8), 
and may initiate moisture-induced protein aggregation (6,9,10). On the other hand, polyanhy-
drides produce moderate pH microenvironments (6,11,12), display chemistry-dependent surface 
erosion and release kinetics ( 13-15), and enhance protein stabilization ( 10, 16, 17). Polyanhy-
drides have shown promise in the delivery of small molecular weight drugs (13,18,19), vaccine 
immunogens (20-21), proteins (9,15,17), and plasmid DNA (22). In addition, polyanhydride 
chemistry can be exploited to tailor degradation rates from weeks to years (9,13,16). 
To efficaciously deliver therapeutic proteins, the issue of aggregation becomes a major lim-
iting factor for both polyesters and hydrophobic polyanhydrides. Protein release from polyesters 
is significantly impacted by hydrophobic interactions and highly acidic microenvironments (23-
25). While polyanhydrides limit exposure to high acidity, their elevated hydrophobicity may lead 
to non-covalent protein aggregation. To overcome these issues, we have synthesized amphiphilic 
polyanhydride copolymers of 1,6-bis(p-carboxyphenoxy)hexane (CPH) and 1,8-bis(p-
carboxyphenoxy)-3,6-dioxaoctane (CPTEG) (26-28). An example of a random CPTEG:CPH 
copolymer is shown in Figure 1. 
Figure 1. Chemical structure of a random CPTEG:CPH copolymer. 
It should be noted that CPTEG contains oligomeric ethylene glycol incorporated into the 
backbone instead of the aliphatic hydrocarbon chain found in CPH giving the monomer subunit a 
hydrophilic element. These copolymers have been shown to posses great compatibility with 
proteins (28). 
Over the years, in vivo applications of polymeric drug delivery systems have progressed from 
the use of implanted pellets ( -1 mm) to microspheres ( -5-20 ~-tm) and, more recently, to nano-
spheres (-100-500 nm) (1,13). Microspheres and nanospheres have the benefit of being able to 
be delivered by hypodermic needle or needless injection, are readily engulfed by antigen-pre-
senting cells (29) and do not require surgical implantation or removed (30). When compared to 
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microspheres, nanospheres have been shown to be more easily internalized by APCs (31 ). The 
association of amphiphilic polyanhydride nanospheres with APCs dictates their potential as 
efficacious vaccine adjuvants and delivery systems. In the present study, epifluorescent micros-
copy was utilized to probe this interaction. Our data demonstrates that varying chemistry of 
polyanhydride nanospheres (by varying CPTEG content in a CPTEG:CPH copolymer) signif-
icantly affects their association with monocytic cells. 
Materials and Methods 
Materials 
Hydroxybenzoic acid, 1-methyl-2-pyrrolidinone anhydrous (99.5% ), 1.6-dibromohexane 
(98.5% ), triethylene glycol (TEG), and fluorscein-isothiocyanate-dextran (FITC-dextran) were 
purchased from Sigma-Aldrich (Milwaukee, WI, USA). 4-p-Fluorobenzonitrile was obtained 
from Apollo Scientific (Chesire, UK). Dimethylformamide, toluene, potassium chloride, sulfuric 
acid, acetic acid, acetic anhydride, methylene chloride, petroleum ether, and acetonitrile were 
bought from Fisher Scientific (Pittsburgh, PA, USA). All chemicals were used as received. 
Polyanhydride Synthesis and Characterization 
Synthesis of CPTEG and CPH diacids, pre-polymers, and copolymers was performed as 
previously described (27,32). 1H nuclear magnetic resonance, gel permeation chromatography, 
and differential scanning calorimetry were employed to analyze polymer chemistry, molecular 
weight, and glass transition temperature, respectively. All the evaluated properties were within 
established ranges (13,14). 
Nanosphere Fabrication and Characterization 
FITC-dextran loaded nanospheres were fabricated using the polyanhydride anti-solvent 
nanoencapsulation (PAN) technique modified from the method reported by Mathiowitz et al. for 
poly(fumaric-co-sebacic acid) polymers (33). Methylene chloride (5 mL) held at ooc was used to 
dissolve polymer (145.5 mg). A suspension was created by homogenizing FITC-dextran (4.5 
mg) in the polymer solution for 30 s at 30,000 rpm. The polymer/FITC-dextran solution was 
rapidly poured into petroleum ether (anti-solvent) at a ratio of 1:80 (solvent:anti-solvent) andheld 
at -40°C. Particles rapidly precipitated out of solution due to an excessive anti-solvent micro-
environment. The nanoparticles were recovered by aspiration filtration using a Buchner funnel 
and Whatman #2 filter paper. The resulting fine powder was consistently recovered with at least 
a 70% yield of the original amount of polymer. Nanosphere morphology was evaluated using 
scanning electron microscopy (SEM) (JEOL 840A, JEOL ltd., Tokyo Japan) and the particle size 
was detemined using quasi-elastic light scattering (QELS) (Zetasizer Nano, Malvern Instru-
ments, Worchester, MA, USA). 
Culture ofTHP-1 Human Monocytes and Co-incubation with Nanospheres 
Tissue culture methods and adherent derivation of THP-1 cells were performed as described 
previously (34) with minor modifications (35). Suspension THP-1 cells were grown using RPMI 
1640 growth medium supplemented with 10% newborn calf serum, 10 ~g/mL penicillin-strepto-
mycin, 25 nM HEPES, and 10 mM glutamax (complete RPMI). Cultures were seeded to 5 X 105 
cells/well and differentiated into adherent monocytes by supplementing cultures with 5 nM 
phorbol-12-myristic-13-acetate (PMA) overnight in tissue culture wells containing 10-mm glass 
coverslips. Non-adherent cells were removed by washing with PBS, and adherent cells were 
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incubated with fresh complete RPMI without PMA for 24 h before experiments were conducted. 
Polyanhydride nanospheres (in the form of dry powder) of poly(CPTEG), 50:50 CPTEG: 
CPH, 20:80 CPTEG:CPH, and poly(CPH) were weighed and added to PBS (pH 7.4) at a stock 
concentration of 10 mg/mL. Nanosphere suspensions were briefly sonicated on ice for 1 min. 
Nanospheres (100 !!g) were added to cell culture medium (0.5 mUwell) and mixed by gentle 
pipetting before cultures were returned to the incubator (37°C, 5% C02). To evaluate nano-
sphere-cell association, the nanospheres were allowed to incubate for 30 min with THP-1 cells. 
Cultures were then washed and the cells were returned to the incubator for 2 h before analysis. 
Fluorescence Microscopy 
To observe interactions of individual monocytes with nanospheres, cell monolayers incub-
ated with nanospheres for the indicated times were fixed with 4% paraformaldehyde for 10 min 
at room temperature and then washed with PBS. Stained coverslips were washed and mounted 
on glass slides (Pro-Long w/Dapi; Molecular Probes-Invitrogen, Eugene, OR, USA). Epifluor-
escence was performed using an Olympus IX-61 inverted microscope with blue and green filter 
sets and a cooled CCD camera. Exposure times for FITC detection were kept constant through-
out the experimental groups to facilitate accurate comparative analysis. Co-localization analysis 
and final images were prepared using ImageJ v1.36b image analysis software (36). 
Results and Discussion 
Nanosphere Characterization 
Photomicrographs taken by SEM of FITC-dextran loaded nanospheres of varying 
CPTEG:CPH chemistries are presented in Figure 2. 
~ ~ ~ ~ 
Figure 2. Scanning electron photomicrographs of (a) poly(CPTEG), (b) 50:50 CPTEG:CPH, (c) 
20:80 CPTEG:CPH, and (d) poly(CPH) nanospheres. Scale bar= 2 ~tm. 
These images show that the nanospheres appear circular, and while there are some variations, 
the nanospheres appear to be relatively uniform in size and shape. Nanosphere size distribution 
profiles were generated unbiasedly utilizing QELS. Figure 3 demostrates a representative distrib-
ution profile. 
All CPTEG:CPH copolymers had nanospheres fall between 90 and 600 nm. Every batch of 
nanospheres was analyzed by QELS and the compiled data are shown in Table 1. The standard 
deviations were determined for the overall accumulated size distribution data for each polymer. 
Analysis showed little statistically significant difference in average particle size among the 
polymer formulations. Therefore, polyanhydride nanospheres fabricated by the PAN method can 
be reproducibly prepared with similar morphology and particle diameters regardless of copoly-
mer chemistry. Similarly-sized particles are important for evaluating any chemistry effects elic-
ited during in vitro and in vivo experiments. Furthermore, while not statistically significant, there 
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Figure 3. Quasi-elastic light scattering data for 20:80 CPTEG:CPH nanospheres shown as 
average particle diameter (nm). 
Polymer 
poly(CPTEG) 
50:50 CPTEG:CPH 
20:80 CPTEG:CPH 
poly(CPH) 
Average Particle Diameter (nm) 
182 ± 23 
227 ± 27 
255 ± 38 
421 ±54 
Table 1. Particle size data (mean ± standard deviation) from QELS measurements (n = 2). 
was a slight positive correlation between particle size and CPH content. The kinetic and thermo-
dynamic balance between nucleation and growth governs the resulting particle size. Solubilized 
polymers must nucleate particles before more material can either nucleate new particles or pre-
cipitate on the surface of already formed particles (37). Copolymers with a higher CPTEG con-
tent are less hydrophobic than those with a higher CPH content. When precipitating from a polar 
solvent into an aliphatic anti-solvent bath, copolymers with a higher CPTEG content may more 
easily nucleate new particles. If nucleation is indeed favored, more particles would be formed 
with a smaller average particle size. 
Cellular Interactions of Nanospheres with Human Monocytes 
To determine whether or not polymer chemistry affects nanosphere association with APCs, 
adherent THP-1 monocytes were separately incubated with poly(CPTEG), 50:50 CPTEG:CPH, 
20:80 CPTEG:CPH, and poly(CPH). Epifluorescent microscopy was used to probe and compare 
nanosphere interactions with cells. 
Nanospheres introduced into cell culture medium did not excessively aggregate and they 
remained uniformly dispersed prior to settling at the bottom of the tissue culture well. Polyan-
hydride nanospheres rapidly associated with THP-1 monocytes as shown in Figure 4. 
Overall, monocyte association with polyanhydride nanospheres followed the trend of 20:80 
CPTEG:CPH << 50:50 CPTEG:CPH << poly(CPTEG) < poly(CPH). While this does not follow 
a hydrophobic trend, there may be an explanation for the significant cell association of 
poly(CPH). The poly(CPTEG) and 50:50 CPTEG:CPH images showed individual particles 
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Figure 4. Photomicrographs depicting the association between FITC-dextran loaded (a) 
poly(CPTEG), (b) 50:50 CPTEG:CPH, (c) 20:80 CPTEG:CPH, and (d) poly(CPH) nanospheres 
(green) and THP-1 cells (nuclei stained blue with DAPI). Representative images of multiple 
fields captured by epifluorescence microscopy using identical exposure and processed by ImageJ 
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are presented. Scale bar = 5 11m. 
associating with the cells. On the other hand, 20:80 CPTEG:CPH nanospheres possessed little 
ability to associate with the cells as shown by only a single nanosphere being found with the 
nuclei in the field of view. The poly(CPH) nanospheres in Figure 4 had a clustered appearance, 
which represented substantial particle aggregation. Since these particles are the most hydrophob-
ic of the particles used in these studies, it is not surprising that aggregation occ~rred in the aque-
ous cluture medium. In addition to amassing to one another, they could also easily aggregate to 
cells. Instead of the interaction between cells and nanospheres being governed by polymer 
chemistry, the effect may be simply attributable to particle hydrophobicity. To test this theory, 
laser-scanning confocal microscopy could be utilized to determine if nanospheres were simply 
associating with cells or actually being internalized. If poly(CPH) nanospheres only associate 
with the cell surface and are not being internalized, then uptake of polyanhydride nanospheres 
can be directly correlated to polymer hydrophobicity. 
Conclusions 
The unique cellular associations of polyanhydride nanospheres are a function of the distinct 
physical and chemical properties of the particles. We observed that the trend of increased nano-
sphere interaction with THP-1 human monocytes was based primarily on particle hydrophobic-
ity. This phenomenon followed the same trend observed in recently published work using poly 
(CPH-co-sebacic acid) copolymer nanospheres (38). Together, this research highlights the 
importance of polymer chemistry in designing polyanhydride nanosphere based vaccine and drug 
delivery vehicles. 
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Introduction 
The potential production of cellulosic-derived ethanol has focused attention on cellulose-
hydrolyzing enzymes. Thirteen glycoside h~drolase (GH) families contain enzymes that break 
down cellulose and cellooligosaccharides.1. One is GH family 44 (GH44), composed primarily 
of endoglucanases (EGs) that hydrolyze B-1,4-glycosidic bonds between glucosyl residues by a 
retaining mechanism. 
With one exception, GH44 enzymes are produced by bacteria, both aerobic and anaerobic. At 
present, 22 amino acid sequences of GH44 members have been determined, one in Acidobacter-
ia, three in Caldicellulosiruptor, three in Clostridium, two in Myxococcus, one in Opitutus, four 
in Paenibacillus, two in Ruminococcus, one in Sorangium, one in Synechococcus, three in uncul-
tured bacteria, and one in the shipworm Bankia. 1 
Not all of these GH44 enzymes have been produced, and those that have been produced have 
been only partially characterized. Caldocellulosiruptor saccharolyticus produces a multienzyme 
protein3 with GH5 and GH44 domains.1 The latter attacks carboxymethylcellulose (CMC), 
xylan, and lichenan. The presence of carbohydrate-binding modules (CBMs) that are normally 
part of the protein causes increased activity on CMC and xylan.4 Another GH44 domain from an 
unidentified Caldocellulosiruptor species is encoded by two gene clusters, one also containing 
genes for a GH9 EG and a GH48 processive EG and the other also containing genes for a GH5 
B-mannanase/EG, a GH9 EG, a GH10 xylanase, and GH48 processive EG. Each gene appears to 
encode at least one CBM.5 Clostridium thermocellum produces a protein with GH9 and GH44 
catalytic domains, two CBMs, and several other structures.6 It is strongly active on CMC, acid-
swollen cellulose (ASC), A vicel, lichenan, and xylan, but not on p-nitrophenyl (PNP)-B-gluco-
pyranoside, PNP-B-xylopyranoside, and PNP-B-cellobioside, and is stable to 80°C.7 Of the four 
sequenced Paenibacillus GH44 enzymes, that from P. lautus is active in decreasing order on 
lichenan, CMC, ASC, and A vicel. Removing the CBM from the protein does not affect the activ-
ity on the first two but leads to even lower activity on the last two. 8 Neither enzyme form, with 
or without the CBM, is active on laminaran, xylan, PNP-B-glucopyranoside, and PNP-B-cello-
bioside. The two forms are most active from pH 5 to 8.5 and are stable up to 60°C. 8 A P. poly-
myxa GH44 enzyme is part of a protein with a GH26 mannanase and a CBM and has highest 
cellulase and lichenase activity at pH 5 and highest xylanase activity at pH 7, with maximal 
activities at 50°C for all three substrates.9 Another P. polymyxa GH44 enzyme and one from P. 
pabuli were identified as xyloglucanases.10 The two Ruminococcus {';avefaciens strains have 
GH44 enzymes, 11·12 and one has a described CBM and a dockerin.1 The GH44 enzyme from R. 
flavefaciens 17 is active on CMC and lichenan, but not on mannan, ASC, A vicel, or PNP-B-
cellobioside.12 
The putative GH44 enzymes from Acidobacteria bacterium, Bankia gouldi, Clostridium 
acetobutylicum, Myxococcus xanthus, Opitutus terrae, Sorangium cellulosum, and Synechococ-
cus sp. do not appear to have been studied to any extent. 
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These experimental results indicate that GH44 enzymes exclusively cleave ~-1 ,4 bonds be-
tween glucosyl and xylosyl residues, and that they have varying abilities to attack xylan, lichen-
an, and different cellulose forms. They appear to be inactive on short oligosaccharides. 
Very recently six different crystal structures of a GH44 EG from C. thermocellum have been 
published. 13 They consist of wild-type enzyme and E 186Q mutant unliganded or complexed with 
cellopentaose and cellohexaose. The EG structure has a modified (~,a)8 barrel catalytic domain 
along with a ~-sandwich domain, with the former consisting of residues 24-417 and the latter 
comprising residues 7-23 and 418-516. 1H-NMR experiments with cellohexaitol showed that 
this enzyme operates by the retaining mechanism. The catalytic residues are Glu186, the proton 
donor/acceptor, and Glu359, the nucleophile. Cellotetraose instead of cellopentaose or cellohexa-
ose is found in subsites -4 to -1 of the wild-type enzyme, with the reducing-end glucosyl residue 
in the boat conformation. Cellooligosaccharides of various lengths are found in subsites -4 to +5 
of the E186Q mutant soaked with cellopentaose or cellohexaose. Ligands spanning the cleavage 
point have glucosyl residues in subsite -1 in the boat conformation. 
The present work concerns the GH44 putative EG from C. acetobutylicum A TCC 824, a 
gram-positive, mesophilic, anaerobic, solvent-producing bacterium. This organism and other 
solvent-producing Clostridium strains cannot grow on cellulose as a sole carbon source, but the 
former can froduce EGs, mainly extracellular, when grown on glucose, xylose, mannose, and 
cellobiose.1 Nearly all of the same strains can grow on larchwood xylan, but C. acetobutylicum 
ATCC 824 can do this only when cultured in a chemostat, where it produces xylanase activity. 15 
Recent genomic sequencing has found the gene CAC0915, which putatively encodes a signal 
peptide, a GH44 catalytic domain, and a type I dockerin, but no CBM, in C. acetobutylicum 
ATCC 824.16 This putative protein, CAC0915, has 606 amino acids for a calculated molecular 
weight of 66.8 kDa. 16 The same project found genes for many other cellulases and xylanases. In 
fact, the complete coding for a cellulosome similar to those in the cellulolytic species Clostrid-
ium cellulovorans and Clostridium cellulolyticum appears to be present in C. acetobutylicum 
ATCC 824,15 and a cellulosome is produced, but its activity is very low.17 Schwarz et al. 18 have 
hypothesized that C. acetobutylicum has repressed cellulosome expression and cellulolytic 
activity during evolution due to its ability to grow on simpler substrates, including starch, 
oligosaccharides, and monosaccharides. 
This article reports the production, purification, and subsequent kinetic and structural char-
acterization of C. acetobutylicum GH44 EG. This protein apparently had not been observed in 
purified form before this project. 
Materials and Methods 
Gene synthesis and transfer 
Conflicts in codon usage between source and host organisms can hinder successful protein 
expression. 19•20 Therefore Protein2DNA (DNA 2.0, www.dnatwopointo.com) was used to adjust 
the codon bias of the first 1643 nucleotides of CA C0915, coding for the signal peptide through 
the catalytic domain, to that of E. coli. This sequence was synthesized by Megabase (Lincoln, 
NE) and supplied as an E. coli XL1-Blue (Stratagene) clone containing the synthesized gene in 
the pSTlBlue plasmid (Invitrogen). 
The DNA provided by Megabase was used as a template to produce a 1544-base pair gene 
fragment, yielding a mature protein of 511 amino acids, identical in sequence to that of the catal-
ytic domain of the protein CAC0915. This was cloned into the Novagen pET-22b+ vector, 
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which codes for the fusion of a C-terminal histidine tag, and expressed in E. coli BL21 (DE3) 
(Novagen). 
Protein production and purification 
E. coli clones were grown in auto-induction medium (0.05% glucose, 0.5% glycerol, 0.2% 
lactose, 1.2% tryptone, 2.4% yeast extract, 25 mM succinate, 5 [.tM Fe2(S04)3, 19 mM KH2P04, 
45 mM K2HP04, 2 mM MgS04, and 45 mM NaH2P04),21 supplemented with 50 Dg/L carbeni-
cillin, at room temperature and 250 rpm shaking until the absorbance at 600 nm was approxi-
mately 13. Harvested cells were resuspended in 20 mL nickel-nitrilotriacetic acid (Ni-NTA) 
binding buffer (25 mM HEPES, pH 7.0, 300 mM NaCl, and 10 mM imidazole) (Novagen), and 
lysed four successive times in an SLM Aminco French press at 125 MPa. 
A 15-mL Ni-NTA His• Bind Superflow™ (Novagen) column resin was used to purify His-
tagged proteins. The column was washed with Ni-NTA wash buffer (25 mM HEPES, pH 7 .0, 
300 mM NaCl, and 20 mM imidazole) and the enzyme was eluted with Ni-NTA elution buffer 
(25 mM HEPES, pH 7.0, 300 mM NaCl, and 250 mM imidazole) (Novagen). A 50-mL Sepha-
dex G-25 (GE Healthcare) column was used to desalt the protein into 10 mM of pH 7.0 HEPES 
buffer. If necessary, the protein was concentrated to 22 mg/mL, using the Pierce bicinchoninic 
acid assay22 and bovine serum albumin standards, with a Vivaspin6 (Sartorius) polyethersulfone 
5000-Da MWCO spin filter at 8,000 x g. Based upon densometry analysis of Pierce Biotechnol-
ogy pre-cast SDS-PAGE gels, the elution fraction contained 90-95% of the protein of interest 
(data not shown). 
Thin layer chromatography of hydrolysis products 
The enzyme was incubated with cellobiose, cellotriose, cellotetraose, cellopentaose, and 
cellohexaose [(J3-D-glucopyranosyl-(1~4))n-J3-D-glucose, n = 1-5], along with Avicel (micro-
crystalline cellulose), low-viscosity CMC (cellulose derivatized mainly with 2-0- and 6-0-
linked carboxyl groups, averaging 0.6 to 0.95 groups per glucopyranosyl residue), laminaran 
[primarily (J3-n-glucopyranosyl-(1 ~3))n-D-glucose, n =high], lichenan [(J3-D-glucopyranosyl-
(1~3,1~4))n-D-glucose, n =high], mannan [(J3-D-mannopyranosyl-(1~4))n-D-mannose, n = 
high], pullulan [(a-maltotriosyl-(1 ~6)-a-maltotriosyl)n-D-glucose, n =high], and xylan ((3-D-
xylopyranosyl-(1 ~4))n-J3-n-xylose, n =high, with significant branching initiated and terminated 
by other sugar residues) from birchwood and larchwood at 25°C in 0.1 M NaOAc buffer, pH 5.0, 
for 16 hand the hydrolysis products were analyzed by thin-layer chromatography. A 60-A silica 
gel (Whatman, Florham Park, NJ, USA) was spotted with hydrolyzate and developed using a 
single ascent of acetonitrile/ethyl acetate/1-propanollwater ( 1. 7:0.4: 1: 1) mobile phase. 24 The 
plate was dipped into a 5% (w/v) H2S04, 0.5% (w/v) naphthol solution in ethanol and then 
incubated at 95°C until the carbohydrate spots developed color. 
Enzyme activity and thermostability 
Kinetic constants of the enzyme acting on CMC, birchwood and larchwood xylan, and lich-
enan were determined by measuring product reducing sugars with a glucose standard curve using 
tetrazolium blue reagent (0.1% (w/v) tetrazolium blue, 0.05 M NaOH, and 0.5 M sodium potassi-
um tartrate).23 Standard assay conditions consisted of incubating enzyme (0.0017 giL) with 
0.025-10 giL substrate in 0.1 M sodium acetate (NaOAc) buffer, pH 5.0, at 25°C. Samples were 
taken at 30-s to 5-min time intervals. Each sample was placed in a boiling water bath with 4 mL 
of tetrazolium blue reagent for 5 min to stop the reaction and develop reagent color. Specific 
activity for each substrate concentration was determined by a linear regression of the reducing 
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sugar concentration liberated versus incubation time and dividing the slope by the mass of 
protein in the sample. Enzyme units are defined as f.tmol glucose liberated/min under the assay 
conditions. A plot of specific activity versus substrate concentration was generated for each 
substrate, and the maximal activities and Michaelis constants were determined by nonlinear 
regression. Activity on larchwood xylan decreased at high substrate concentrations, so an extra 
denominator term representing inhibitor concentration was included in the rate equation. 
Optimal temperature and pH were determined with the tetrazolium blue assay. The former 
was found by reacting 2% (w/v) low-viscosity CMC with 0.0017 giL enzyme at 25-60°C and pH 
5.0 in 0.1 M NaOAc buffer. Sampling was performed as described above and linear regression 
was used to calculate activities at each temperature. Determination of optimal pH used 0.0017 
g/L enzyme incubated with 2% (w/v) low-viscosity CMC at 25°C. The reaction buffers were 0.1 
M NaOAc buffer for pH 3.5-5.0 and 0.1 M sodium phosphate buffer for pH 5.5-8.0. Sampling 
and activity calculations were performed as described above. 
Enzyme thermostability was determined by incubating the enzyme 10 mM HEPES, pH 7.0, 
at various temperatures for five different incubation times. Each partially inactivated enzyme 
sample was reacted with 1.0% (w/v) CMC in 0.1 M NaOAc buffer, pH 5.0, and sampled as des-
cribed above. A plot of In (activity) versus incubation time was used to determine the first-order 
inactivation rate coefficient for each incubation temperature. Values of ln (rate coefficient) were 
plotted versus inverse temperature to determine the activation energy of enzyme inactivation. 
Results 
Enzyme characterization 
Thin-layer chromatography shows that C. acetobutylicum EG is active on cellotetraose, 
cellopentaose, and cellohexaose, but not on cellobiose and cellotriose (Fig. 1 ). It attacks CMC, 
lichenan, birchwood and larchwood xylan, and to a limited extent A vicel (Fig. 2), but not 
laminaran, mannan, and pullulan (data not shown). Cellotetraose yields mainly cellotriose and 
glucose, with smaller amounts of cellobiose and unreacted cellotetraose. Cellotriose, cellobiose, 
glucose, and cellotetraose are produced from cellopentaose, with product cellotetraose being 
further hydrolyzed to cellotriose, glucose, and cellobiose. Cellohexaose yields cellotriose, 
cellobiose, and glucose, larger products presumably being completely hydrolyzed. Hydrolysis 
products of CMC, birchwood xylan, and larchwood xylan are mainly mono- to tetrasaccharides, 
while those of lichenan are in general longer. A vicel yields small amounts of cellobiose, 
cellotriose, and cellotetraose. 
Fig. 3 shows how enzyme activity on CMC, the two xylans, and lichenan increases with in-
creasing substrate concentrations, leading to the kinetic values in Table 1. Activity decreases at 
high larchwood xylan concentrations, perhaps because of an inhibitory material in the xylan. It is 
noteworthy that this EG has higher kcat values on the two xylans than on CMC, even though most 
characterized GH44 members are classified as either EGs or xyloglucanases. 
The enzyme has an optimal temperature on CMC in a 10-min assay at pH 5 near 55°C and 
has an activation energy for activity of 26.9 ± 3.0 kJ/mol, where the second value is the standard 
error (Fig. 4). It has an optimal pH on CMC of 5 (Fig. 5). The thermostability of the enzyme at 
pH 7 is shown in Fig. 6. The activation energy of thermoinactivation is 230 ± 42 kJ/mol, much 
higher than the activation energy of activity, as is expected. 
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Table 1. Kinetic constants of C. acetobutylicum GH44 endoglucanase on 
different substrates 
Substrate kcat (s-1) KM (giL) kcatfKM (Ug-s) 
CMC 18.9 ± 0.5a 0.263 ± 0.027 64.6 
Birchwood xylan 31.6 ± 1.0 0.412 ± 0.045 76.8 
Larchwood xylan 29.5 ± 1.7 0.278 ± 0.035 106 
a Standard error 
( 
Figure 1. Thin-layer chromatography of hydrolysis products when enzyme was incubated with 
10 mg/mL cellooligosaccharides in 0.1 M NaOAc buffer, pH 5.0, and 25°C for 16 h. Lanes from 
left to right: glucose, cellobiose, cellotriose, cellotetraose, cellopentaose, and cellohexaose stan-
dards (from top to bottom); cellobiose control (without enzyme); cellobiose incubation (with 
enzyme); cellotriose control; cellotriose incubation; cellotetraose control; cellotetraose incubat-
ion; cellopentaose control; cellopentaose incubation; cellohexaose control; cellohexaose 
incubation. 
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• • • • • Fig. 2. Thin-layer chromatography of hydrolysis products when enzyme was incubated with 10 
mg/mL polysaccharides in 0.1 M NaOAc buffer, pH 5.0, and 25°C for 16? h. Lanes from left to 
right: glucose, cellobiose, cellotriose, cellotetraose, cellopentaose, and cellohexaose standards 
(from top to bottom); CMC control (without enzyme); CMC incubation; lichenan control; 
lichenan incubation; birchwood xylan control; birchwood xylan incubation; larchwood xylan 
control; larchwood xylan incubation; A vicel control; A vicel incubation; glucose, cellobiose, 
cellotriose, cellotetraose, cellopentaose, and cellohexaose standards (from top to bottom). 
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Figure 4. Effect of temperature 
on enzyme activity in 2% (w/v) 
CMC at pH 5.0. 
Figure 5. Effect of pH on 
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